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ABSTRACT 
The effect of sample geometry, welding strategies, atmosphere, plastic 
deformation, and rapid heating on the oxidation behavior of zirconium alloys has been 
investigated in this work. The goal of this work was to determine which zirconium alloy 
would be best suited as nuclear fuel cladding material in the Transient Reactor Test 
(TREAT) facility at the Idaho National Laboratory (INL), which has unique operating 
conditions compared to typical reactors. TREAT is air-cooled, operates at high 
temperatures (400-600 °C), and produces rapid transients (≤ 700 °C/s). Additionally, 
TREAT’s cladding geometry is unique in that it has chamfers and welds. Alloying elements 
such as Fe, Sn, Cr, and Nb are typically added to zirconium and can drastically alter the 
corrosion properties of the material. The effects of such fabrication on the oxidation 
behavior of zirconium alloys is not well documented in literature and no direct comparison 
is provided for the alloys of interest, thus it is unclear how these alloys will behave under 
TREAT’s conditions. 
Isothermal and non-isothermal oxidation studies were completed on pure Zr, 
Zircaloy-3 (Zry-3), Zircaloy-4 (Zry-4), Zr-1Nb, and Zr-2.5Nb plate specimens in both 
Ar+20%O2 and N2+20%O2 to study the effect of nitrogen on the oxidation behavior. 
Electron beam welded (EBW) and tungsten inert gas (TIG) welded Zry-3, Zry-4, and 
Zr-1Nb tube samples were oxidized under rapid heating and isothermal conditions in dry 
and humid N2+20%O2. Through these studies, the effect of chamfering, welding, humidity, 
and rapid heating were characterized. Macroscopic images of the samples were taken after 
 vii 
 
oxidation, the oxide thickness was measured, and mass gain data was used to determine 
the oxidation rate constants and activation energies. 
It was found that Zry-3, Zry-4, and Zr-1Nb experience faster oxidation in 
N2+20%O2 than Ar+20%O2 at 800 °C, while Zr and Zr-2.5Nb were relatively unaffected. 
Zry-3, Zry-4, and Zr-1Nb were found to experience accelerated oxidation in the weld 
region. Additionally, Zry-3 and Zry-4 experienced accelerated oxidation at the chamfers, 
while the chamfered region of Zr-1Nb experienced less oxidation. In all oxidation 
experiments, Zr-1Nb had the most favorable oxidation behavior. 
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CHAPTER ONE: INTRODUCTION 
This thesis consists of one publication, one paper and one conference proceeding. 
The research presented in Chapter Two has been published in Nuclear Materials and 
Energy. The research presented in Chapter Three is being prepared for submission to 
Nuclear Materials and Energy. The conference proceeding presented in Chapter Four has 
been submitted for publication in the proceedings of the Top Fuel 2019 conference. 
Chapter Two includes a study in which the effect of mixed oxygen/nitrogen atmosphere on 
the oxidation behavior of pure Zr, Zry-3, Zry-4, Zr-1Nb, and Zr-2.5Nb is characterized. It 
has been shown that oxidation in a mixed oxygen/nitrogen atmosphere results in increased 
oxidation kinetics due to the formation and re-oxidation of ZrN [1–9]. In-situ mass gain 
data was measured during isothermal oxidation experiments at 400, 600, 700, and 800 °C 
in Ar+20%O2 or N2+20%O2 and used to determine the oxidation rate constants and 
activation energies. This chapter concludes that Zry-3, Zry-4, and Zr-1Nb are the most 
affected by nitrogen in the oxidizing atmosphere and exhibit faster oxidation kinetics in 
N2+20%O2 than Ar+20%O2. 
Chapter Three, being prepared for publication in Nuclear Materials and Energy, 
outlines a study where the effects of welding, plastic deformation (chamfering), humidity, 
and rapid heating on Zry-3, Zry-4, and Zr-1Nb are investigated. Isothermal oxidation 
studies were performed at 500, 600, 700, 800, and 820 °C in dry and humid (30% relative 
humidity) N2+20%O2 and the oxidation rate constants and activation energies were 
calculated. Two weld types were investigated: electron beam weld (EBW) and tungsten 
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inert gas (TIG) weld. Rapid thermal transients with heating rates up to 700 °C/s were 
performed using an induction furnace and a muffle furnace. It was determined that all three 
alloys exhibited accelerated oxidation in the weld regions, which resulted in failure during 
isothermal oxidation at 800 and 820 °C. Zry-3 and Zry-4 experienced accelerated oxidation 
at the chamfers, however Zr-1Nb did not. The oxidation behavior of TIG and EBW tubes 
were similar in Zry-3 and Zry-4. During isothermal oxidation of Zr-1Nb at 800 and 820 °C, 
the EBW tubes exhibited slower oxidation kinetics than TIG welded tubes. Similarly, the 
oxidation behavior in humid air was similar to that in dry air. The rapid transient oxidation 
experiments showed similar trends as the isothermal oxidation experiments. 
Chapter Four, submitted for publication in the proceedings of the Top Fuel 2019 
conference, combines and summarizes studies on the effect of atmosphere, welding, 
chamfering, and transient heating in the temperature range 400-820 °C on the oxidation 
behavior of Zry-3, Zry-4, and Zr-1Nb. Additionally, the mechanism of breakaway 
oxidation is investigated through advanced characterization techniques, including Raman 
spectroscopy and scanning Kelvin probe force microscopy (SKPFM). Specimens of each 
alloy (Zry-3 and Zry-4) were isothermally oxidized at 700 °C in dry air. Raman was used 
to map the percent tetragonality and induced stress, and SKPFM was coupled with energy 
dispersive x-ray spectroscopy (EDS) to characterize the secondary phase precipitates 
(SPPs) at the interface both before and after the onset of breakaway oxidation. It is 
highlighted, as in Chapter Two, that all alloys exhibit the breakaway transition sooner in 
nitrogen-containing atmospheres, resulting in more rapid degradation than in Ar+20%O2. 
Additionally, chamfering and welding do not significantly influence the oxidation behavior 
of Zry-3, but accelerated oxidation was observed at the chamfers and weld regions in Zry-4. 
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A thicker oxide layer was measured at the weld of Zr-1Nb (≈70%); however, it had the 
slowest oxidation kinetics in each experiment. Excessive cracking of the oxide was not 
noticed during the transient oxidation experiments and the transient oxidation behavior was 
similar to what was seen during isothermal oxidation experiments for each alloy. Raman 
spectroscopy identified a tetragonal-rich oxide layer at the metal/oxide interface of both 
Zry-3 and Zry-4 before and after breakaway, which has also been observed in literature 
[10]. The thickness of the layer decreased after breakaway, indicating that the tetragonal to 
monoclinic transformation occurred during further oxidation. 
The work presented in this thesis was done as part of a larger project focused on 
the conversion from a highly enriched uranium (HEU) to low enriched uranium (LEU) fuel 
of the Transient Reactor Test (TREAT) facility at the Idaho National Laboratory (INL). 
The purpose of the project was to directly compare the oxidation behavior of Zry-3, Zry-4, 
and Zr-1Nb in TREAT’s unique conditions with the goal of determining which alloy could 
replace the legacy Zry-3 fuel cladding currently being used, as it is no longer commercially 
available. The research in the following chapters helps fill a knowledge gap currently 
present in literature, as the oxidation behavior of zirconium alloys is not well studied in 
these extreme environments. It is becoming increasingly important to understand the 
behavior of cladding material in transient conditions with the development of research 
reactors that simulate accident type scenarios. 
1.1 Motivation 
Zirconium alloys are typically used in as nuclear fuel cladding in water reactors due 
to their good corrosion resistance, mechanical properties, and low absorption cross section 
of thermal neutrons [11]. Although the corrosion resistance of zirconium alloys is favorable 
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in water at normal operating temperatures (250-350 °C), during transient or accident 
conditions the cladding may be exposed to air at high temperatures. It has been well 
documented that the oxidation rate increases drastically with temperature and the oxidation 
kinetics undergo a transition from parabolic to linear, after which the oxide cracks and 
becomes non-protective [1,4,12,13]. The transition from parabolic to faster kinetics is 
termed “breakaway.” Additionally, it has been shown that the oxidation reaction is 
catalyzed by the addition of nitrogen to the oxidizing atmosphere, such as in air [1–7]. The 
effect of nitrogen on the oxidation behavior of zirconium alloys will be discussed further 
in the next section. Finally, the oxidation behavior of zirconium alloys is dependent on the 
concentration of alloying elements, microstructure, and processing history [10,14–20]. The 
effect of all of these conditions must be considered when designing nuclear fuel cladding 
material and will be studied in this work. 
The United States Department of Energy has a concerted effort to convert TREAT’s 
fuel from HEU to LEU [21]. One challenge of the conversion is that the Zircaloy-3 cladding 
currently being used is no longer commercially available; therefore, a new zirconium alloy 
cladding material must be identified. TREAT is a research reactor designed to simulate 
transient conditions ranging from mild upsets to severe accidents. TREAT can produce 
rapid power transients up to 600 °C in less than 1 second with a design basis accident 
temperature of 820 °C. The core is cooled by high velocity (28 mph) air that pulled from 
the environment outside the reactor. The maximum core temperature is limited by the 
oxidation rate of the zirconium cladding, which has been shown to increase in the presence 
of nitrogen (i.e. air) [22]. Additionally, TREAT’s cladding has a unique geometry; it is a 
rectangular prism with chamfers and welds (Figure 1.1). In order to determine which 
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zirconium alloy will have the most favorable properties in TREAT’s core, the effects of 
nitrogen in the oxidizing atmosphere, temperature, heating rate, welding, and plastic 
deformation on the oxidation behavior must be evaluated. 
 
Figure 1.1: Rendering of the fuel cladding assembly to be used in the TREAT 
facility. 
1.2 Oxidation of Zirconium Alloys in Air 
Compared to oxidation in water or steam, the oxidation of zirconium alloys in air 
results in faster oxidation kinetics and the formation of non-protective oxide [1–7]. This 
increased degradation is thought to be due to the nitridation and re-oxidation of the 
zirconium oxide [6,8,9]. Additionally, zirconium is known to have a high solubility of 
oxygen (30 at.%) and oxidizes via inward diffusion of oxygen anions through the oxide, 
likely along the crystallite boundaries [11,23]. During oxidation in air, it has been proposed 
by Steinbrück et al. that nitrogen first reacts with the oxygen-stabilized α-Zr(O) to form 
ZrN at the metal/oxide interface, creating oxygen vacancies via equation (1) [6]. 3𝑍𝑍𝑍𝑍𝑍𝑍 𝑁𝑁2� 2𝑁𝑁𝑂𝑂′ + 𝑉𝑉𝑂𝑂⦁⦁ + 3𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍 + 32 𝑍𝑍2    (1) 
As the oxidation reaction continues, the ZrN oxidizes in a rapid exothermic reaction to 
form ZrO2, which results in a volume expansion (approximately 49%), and is thought to be 
the cause of the porous oxide and crack formation [6,8,9]. The effect of nitrogen in the 
oxidizing atmosphere on the behavior of Zr, Zry-3, Zry-4, Zr-1Nb, and Zr-2.5Nb is 
discussed further in Chapter Two. 
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1.3 Effect of Alloying Elements on Oxidation Behavior 
The alloying constituents and amount of those constituents added into the matrix 
drastically changes the oxidation behavior of zirconium alloys. Zirconium is typically 
alloyed with iron, tin, chromium, and niobium. Tin is soluble in zirconium up to 8% at 
982 °C and goes into solution via substitution in the matrix [24]. It was originally added to 
zirconium to improve its corrosion resistance in the presence of nitrogen [11]. Iron and 
chromium form precipitates in the room temperature phase of zirconium but are soluble in 
the β-Zr phase [25,26]. Iron and chromium have been shown to improve the uniform and 
localized corrosion resistance in LWR conditions [11]. Although the elements can improve 
the properties of zirconium in certain conditions, they can also be detrimental to its 
oxidation behavior in specific scenarios. Proof et al. found that iron precipitates in contact 
with the surface of the alloy act as nucleation sites for oxidation [14,15]. Additionally, 
chromium precipitates in the oxide exhibit delayed oxidation. Chromium-rich precipitates 
(Cr2O3) have a higher Pilling-Bedworth ratio than ZrO2 and cause cracking in the oxide 
during oxidation [16]. Tin has been found to stabilize the tetragonal zirconia phase [20]. 
During the oxidation of zirconium, tetragonal zirconia is formed before being transformed 
to the more stable monoclinic phase via a martensitic transformation [27]. The tetragonal 
to monoclinic phase transformation has been shown to result in cracking of the oxide due 
to volume expansion [10,20]. Finally, the addition of niobium has been shown to stabilize 
the tetragonal zirconia phase during oxidation, which results in increased resistance to 
breakaway [20]. However, at high concentrations of niobium (15-20%) the zirconium 
matrix becomes supersaturated with niobium and large β-Nb precipitates formed, resulting 
in a faster corrosion rate [19]. From the studies discussed above, it is clear that the oxidation 
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behavior is dependent on the alloying composition, concentration, and precipitation of 
secondary phases, which can be altered during fabrication processes. Section 1.4 will 
review how welding alters microstructure and SPP distribution in zirconium alloys. 
1.4 Welding of Zirconium Alloys 
Among other parameters such as oxidizing atmosphere, temperature, and 
impurities, the oxidation behavior of zirconium alloys is also dependent on the 
microstructure and secondary phases present in the base metal [28–30]. Fabrication 
processes such as welding alter the microstructure of zirconium alloys in a variety of ways 
depending on the alloying elements, the weld type, and the parameters used during 
welding. It has been shown in literature and in Chapter Three that welding zirconium alloys 
typically results in three distinct regions with different microstructures (shown in Figure 
1.2): the fusion zone (FZ) exists where the metal has experienced temperatures above the 
melting temperature, the heat affected zone (HAZ) is the region between the FZ and the 
bulk metal, where the metal has experienced temperatures that result in microstructural 
changes [31], and the third region is the base metal that is unaffected by welding. The 
grains are typically coarser in regions that experience higher temperatures [29]. 
 
Figure 1.2: Microstructure of an electron-beam welded zirconium alloy. 
Welding can affect the microstructure of the zirconium alloys in different ways. 
The high temperature can cause a structural phase transformation in the base metal; 
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zirconium undergoes an α→β transformation from hexagonal close-packed (HCP) to 
body-centered cubic (BCC) at 863 °C. Welding can also cause dissolution of secondary 
phase precipitates (SPPs) in the FZ and HAZ. Additionally, the shape of the weld can result 
in stress in the base metal during oxidation, which can lead to cracking of the oxide [32]. 
The effect of these microstructural changes is discussed in Chapter Three. 
The work presented in the following chapters will characterize the effect of the 
previously mentioned parameters: nitrogen in the oxidizing atmosphere, plastic 
deformation (chamfering), welding and weld type, and alloying elements. The next chapter 
will present and compare the isothermal oxidation behavior of pure Zr, Zry-3, Zry-4, Zr-
1Nb, and Zr-2.5Nb in Ar+20%O2 and N2+20%O2. 
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2.1 Abstract 
The Transient Reactor Test (TREAT) facility at the Idaho National Laboratory 
currently utilizes a legacy Zircaloy-3 cladding, which is no longer commercially available. 
TREAT is air cooled and routinely operates at temperatures well above that of traditional 
reactor designs. This study investigates the oxidation behavior of pure zirconium and its 
alloys (Zircaloy-3, Zircaloy-4, Zr-1Nb, Zr-2.5Nb) in Ar+20%O2 and N2+20%O2 
atmospheres at temperatures ranging from 400-800 °C to determine which alloy should be 
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implemented as TREAT’s cladding. While the oxidation behavior of zirconium based 
cladding materials has been extensively documented, this study focuses on direct 
comparison between legacy Zircaloy-3 and contemporary alloys using a flat plate geometry 
and similar conditions seen at the TREAT facility. In this work, thermogravimetric analysis 
was used to measure both steady state and breakaway oxidation, which was then used to 
calculate oxidation rate constants and activation energies of each material. Oxide thickness 
was evaluated through microscopy of oxidized specimen cross sections. The Zircaloy-3 
and Zr-1Nb alloys were found to be the most resistant to oxidation under the conditions of 
this study, whereas the Zr-2.5Nb alloy was found to be the most susceptible. 
2.2 Introduction 
The Transient Reactor Test (TREAT) facility, located at the Idaho National 
Laboratory (INL), is designed to provide safety data on various fuel designs during 
simulated transients varying between mild upsets to severe accidents. TREAT was 
decommissioned in 1994; however, it was reinstated to operational status in November of 
2017. The core is being converted from a highly enriched uranium (HEU) core to a low 
enriched uranium (LEU) core, thus the structural materials used in the original core are 
being re-evaluated. TREAT’s maximum operating temperature is limited by the rapid 
oxidation of the zirconium alloy cladding at high temperatures in air [1]. Due to this 
restriction, TREAT is designed such that the fuel core (including the zircaloy cladding) 
does not exceed a maximum temperature of 600 °C in normal transients with a design basis 
accident limit of 820 °C. Additionally, TREAT is air cooled. Nitrogen present in air has 
been shown by previous work to act as a catalyst for the oxidation reaction, resulting in 
faster oxidation kinetics and the formation of a more porous oxide when compared to 
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oxidation in pure oxygen or steam [2-8]. Once the oxide reaches a critical thickness it 
cracks, creating a direct pathway for oxygen to reach the metal surface resulting in a 
transition from parabolic to faster oxidation kinetics [9]. This transition is termed 
“breakaway”. The resulting oxide is porous and cracked, compromising the mechanical 
stability of the cladding. 
It is fairly well documented that the pre-breakaway regime during zircaloy 
oxidation is a diffusion limited process (controlled by the diffusion of oxygen anions) 
during which a dense oxide layer is formed [10-13]. The post-breakaway regime is 
controlled by the nucleation and growth of nodules at the metal/oxide interface. In the 
breakaway regime during corrosion in air, it is thought that three reactions take place: 1) 
Cracks begin to form in the dense ZrO2 layer and ZrN and ZrO2 form at the metal oxide 
interface, 2) ZrN is oxidized and the volume change results in cracks in ZrO2, 3) nitrogen 
can become trapped between ZrO2 and α-Zr(O) and form ZrN, which is then oxidized 
resulting in further cracking and oxidation [10,11,13]. 
While some research has been reported on the characterization of the oxidation 
behavior of zirconium alloys under similar conditions, no publications were found that 
directly compare Zry-3, Zry-4, Zr-1Nb, Zr-2.5Nb, and Zr with similar geometry under 
similar conditions in the temperature range of interest to TREAT (400-800 °C). Duriez et 
al. provides direct comparisons of oxidized Zry-4 and M5® tube samples in air at 
temperatures between 600-1200 °C [2,3,14]. Their results conclude that the oxidation 
kinetics in Zry-4 are faster than in M5® both before and after breakaway oxidation when 
tested under the same experimental conditions with similar sample geometries. Steinbrük 
et al. investigated isothermal and non-isothermal oxidation of Zry-4 tubes in oxygen, air, 
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and nitrogen from 800-1480 °C using thermogravimetric analysis (TGA) [6]. They found 
that Zry-4 tubes exhibit faster oxidation kinetics in air than in pure oxygen or nitrogen. 
Additionally, breakaway occurred earlier in samples oxidized in air and the resulting oxide 
was more porous. The authors attribute the increased oxidation behavior to the formation 
and subsequent re-oxidation of ZrN. 
The work demonstrated here provides a direct comparison of the oxidation behavior 
of Zry-3, Zry-4, Zr-1Nb, Zr-2.5Nb, and pure zirconium with similar geometry and 
experimental conditions which will bridge discrepancies present in current literature. The 
results from the separate effects testing provide insight into the effect of nitrogen on the 
oxidation behavior of these zirconium-based alloys. The onset of breakaway oxidation and 
kinetics before and after breakaway are determined and the performance of the cladding 
materials is compared. 
2.3 Experimental Procedures 
2.3.1 Specimens 
The composition of the zirconium alloys used are shown below in Table 2.1. 
Additionally, scanning electron microscope (SEM) images of the microstructure of the as 
received materials are shown in Figure 2.1. The Fe-rich precipitates found in Zry-3 are seen 
in the figure, however no precipitates were found in the other materials. The impurities 
present in the pure Zr are listed by the vendor (Goodfellow) in parts per million by mass 
as: Hf-(2500), O-(1000), C-(250), Fe-(200), Cr-(200), N-(100), H-(10). The materials were 
received in sheets of varying thickness (T) as listed in Table 2.1. The thickness of the pure 
Zr was 0.5 mm. Prior to oxidation, samples were machined from the sheets using electronic 
discharge machining (EDM). Zry-3, Zry-4, Zr-1Nb, and Zr had the dimensions 10.1 x 7.5 
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mm and Zr-2.5Nb had the dimensions 9.3 x 4.4 mm (due to the size of the original sheet 
of material received). Before oxidation experiments, the native oxide present on the 
samples was removed on all six surfaces by grinding with 800 and 1200 grit SiC paper. 
The samples were then sonicated in a 1:1:1 solution of acetone:ethanol:DI water and dried 
before loading into the simultaneous thermal analyzer (STA). 
Table 2.1: Composition (wt %) of zirconium alloys presented here. 
 Sn Fe Cr O Nb H x W x T (mm) 
Zry-3 0.25 0.25 - - - 10.1 x 7.5 x 0.63 
Zry-4 1.2-1.7 0.18-0.24 0.07-0.13 0.1-0.14 - 10.1 x 7.5 x 1.62 
Zr-1Nb - 0.015-0.06 - 0.09-0.12 1 10.1 x 7.5 x 0.36 
Zr-2.5Nb - 0.061 - 0.11 2.62 9.3 x 4.4 x 1.49 
 
 
Figure 2.1: Backscatter SEM images of the as received microstructure of the 
materials investigated. 
2.3.2 Oxidation Experiments 
All oxidation experiments were performed in a NETZSCH STA-449 F3 Jupiter 
with thermogravimetric analysis (TGA). The 20-hour isothermal and non-isothermal 
experiments were completed in two different oxidizing atmospheres: 80% N2+O2 (air) or 
80% Ar+O2 (oxygen). A custom notched alumina crucible was used to hold the plate 
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sample upright in the furnace, maximizing the surface exposed to the experimental gas 
while minimizing the contact between the sample and the crucible, as shown in Figure 2.2. 
 
Figure 2.2: Image showing the custom sample setup for the TGA. The platinum 
sample carrier is loaded with a notched alumina crucible to minimize contact between 
the sample and crucible while maximizing the surface area exposed to the oxidizing 
gas. 
During the non-isothermal oxidation experiments, specimens were individually 
heated to 940 °C at a rate of 20 °C/min, held for 10 minutes to allow the temperature to 
equilibrate, and cooled back down to room temperature at 20 °C/min. 
The 20-hour isothermal oxidation measurements were collected at temperatures 
ranging from 400-800 °C. Specimens were individually heated to the temperature of 
interest at 20 °C/min with 100 mL/min of ultra-high purity (UHP) argon cleaned with a thermal 
oxygen getter (OG). After reaching the setpoint temperature the oxidizing gas (either air or 
oxygen) flowed at 100 mL/min for 20 hours. The specimen was then cooled to room 
temperature in 100 mL/min of UHP-OG argon at 20 °C/min. 
2.3.3 Post Test Characterization 
After oxidation, macro images were taken of each sample. The samples were then 
sectioned with a slow speed saw, mounted in epoxy, polished to 1 μm in a diamond slurry, 
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and imaged with optical microscopy. The cross section of each sample was used to measure 
oxide thickness every 100 µm, resulting in approximately 80 measurements per sample, 
which were used to calculate average oxide thickness and associated standard deviation. 
To quantify the onset of the breakaway transition, tangent lines were fit to the mass 
gain data before and after the transition from parabolic to linear kinetics. The intersection 
of the two lines was considered the breakaway time at each temperature. The mass gain 
data was normalized to the initial sample surface area and used to assess the oxidation 
kinetics and determine the activation energy of each sample before and after breakaway. 
2.4 Results 
2.4.1 Oxidation Behavior 
The results of the normalized non-isothermal thermogravimetric data are 
summarized in Figure 2.3. Experiments done in pure nitrogen resulted in minimal mass 
gain consistent with the findings of Steinbrück et al. [6]. Samples heated in oxidizing 
conditions start experiencing rapid mass gain between 500-700 °C. It is interesting to note 
that the zirconium alloys with Sn and Fe (Zry-3, Zry-4) oxidize much faster in air than in 
oxygen, whereas this dependence on atmosphere is much less pronounced in pure Zr and 
zirconium alloys with Nb (Zr-1Nb, Zr-2.5Nb). 
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Figure 2.3: Non-isothermal mass gain of pure Zr, Zry-3, Zry-4, Zr-1Nb, and Zr-
2.5Nb in synthetic air, oxygen, and nitrogen. Samples were heated to 940 °C at 20 
°C/min. Inset shows macro-images of the surface of the Zry-4 after non-isothermal 
oxidation. 
The 20-hour isothermal (400-800 °C) oxidation results are summarized in Figure 
2.4. The y-axis scales vary to best display the data. All the zirconium alloys undergo 
breakaway during oxidation above 700 °C, whereas pure Zr experiences minimal oxidation 
up to 800 °C. The Zr-2.5Nb oxidizes the most readily of all the materials at 600 and 700 °C 
up to 20 hours. However at 800 °C, as seen in the inset of Figure 2.4, Zry-4 experiences 
breakaway almost immediately during oxidation in air which results in rapid oxidation. 
The difference between extent of oxidation in air and oxygen containing gases is minimal 
from 400-700 °C but increases dramatically at 800 °C for all alloys with largest deviations 
associated with the Sn and Fe based zirconium alloys, which is consistent with the non-
isothermal behavior. In addition, Zr-1Nb and Zr-2.5Nb both begin to spall heavily during 
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oxidation at 800 °C in air. An important observation is that the accelerated corrosion effect 
of nitrogen containing air is most pronounced after breakaway for all materials tested in 
this study. 
 
Figure 2.4: Normalized mass gain versus isothermal oxidation time of Zr, Zry-3, 
Zry-4, Zr-1Nb, and Zr-2.5Nb in air and oxygen at 400-800 °C. The inset in the 800 °C 
graph is the first two hours of the isothermal oxidation showing the onset of 
breakaway in Zry-3, Zry-4, and Zr-2.5Nb. 
Macro images of specimens after 20-hour isothermal oxidation at 600, 700 and 
800 °C are shown in Figure 2.5. Cross-section images of Zry-4 after isothermal oxidation 
at 600 and 800 °C in air and oxygen are presented in Figure 2.6 to show the change in the 
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oxide before and after the breakaway transition. From these images it is seen that before 
samples undergo breakaway (< 700 °C for most alloys in this study), a dark and cohesive 
oxide is present. After breakaway, a thicker and non-protective oxide is present. In Zry-3 
and Zry-4 the post-breakaway oxide has an orange color, while the post-breakaway oxide 
formed on the Nb alloys is primarily white (although a slight orange tint was observed on 
the corners and edges after 800 °C oxidation). The Sn-Fe based alloys develop post-
breakaway oxide first on the corners and edges as well as isolated nodules on the surface 
of the samples. The Nb alloys form a network of horizontal cracks on the surface, inside 
of which the white post-breakaway oxide forms. The effect of nitrogen on the oxidation 
behavior of the zirconium alloys is seen most clearly after oxidation at 800 °C: oxidation 
in air results in a cracked oxide, while the oxide formed in oxygen remains comparatively 
cohesive. After oxidation at temperatures higher than 600 °C, Zr-1Nb becomes 
mechanically deformed; which is likely attributed to these samples being thinner than the 
other alloys. During oxidation at 800 °C in oxygen, Zr-1Nb becomes severely mechanically 
deformed and, in air, most of the sample has oxidized and spalled off. Additionally, an 
artifact of the positioning of the sample in the crucible is apparent in the Zr and Zry-3 
specimens during oxidation at 800 °C, as seen in the upper right side of Figure 2.5 where 
an outline of the crucible is seen corresponding to reduced oxide growth. 
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Figure 2.5: Macro images of the surface of each alloy showing the material 
degradation after 20-hour isothermal oxidation at 600, 700, and 800 °C in air and 
oxygen. 
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Figure 2.6: Representative sample cross-sections after oxidation. The specimen 
shown is Zry-4 after oxidation in air and oxygen at 600 °C and 800 °C. 
The breakaway transition time and the oxide thickness of each alloy after 20 hours 
of isothermal oxidation are summarized in Table 2.2. As discussed with Figure 2.4, 
breakaway occurs more rapidly in samples oxidized in air compared to those oxidized in 
oxygen in all cases (except Zr-1Nb at 700 °C and Zr-2.5Nb at 800 °C where breakaway 
occurs only slightly sooner in oxygen). Additionally, as expected, the oxide formed in air 
is thicker than that formed in oxygen after breakaway (most notably for Zry-3, Zry-4, and 
Zr-1Nb). This is best illustrated in Figure 2.7, which shows oxide thickness versus 
isothermal oxidation temperature after 20 hours. The difference in oxide thickness between 
oxidation in air or oxygen continues to increase rapidly with increasing oxidation 
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temperature. However, it should be noted that the deviation associated with the oxide 
thickness measurements for samples that had reached breakaway was relatively high 
compared to those that had not reached breakaway due to the cracked nature of the oxide. 
Table 2.2: Time to breakaway determined from isothermal oxidation 
experiments (Figure 2.4) and oxide thickness of pure zirconium, Zry-3, Zry-4, Zr-
1Nb, and Zr-2.5Nb after 20-hour isothermal oxidation in air and oxygen 
environments. 
  Air Oxygen 
Temp 
(°C) Alloy 
Breakaway 
Onset 
(hours) 
Oxide 
Thickness ± 
St. Dev. (μm) 
Breakaway 
Onset 
(hours) 
Oxide 
Thickness ± 
St. Dev. (μm) 
600 
Zr - 4 ± 1 - 3 ± 1 
Zry-3 - 3 ± 1 - 4 ± 1 
Zry-4 16 4 ± 2 13.5 7 ± 3 
Zr-1Nb - 8 ± 1 - 8 ± 1 
Zr-
2.5Nb - 17 ± 3 - 12 ± 2 
700 
Zr - 10 ± 1 - 12 ± 1 
Zry-3 11.5 30 ± 10 15 20 ± 9 
Zry-4 4.5 80 ± 17 6 70 ± 17 
Zr-1Nb 16.5 30 ± 13 16 30 ± 13 
Zr-
2.5Nb 6 105 ± 11 7 50 ± 7 
800 
Zr - 60 ± 29 - 17 ± 1 
Zry-3 3 340 ± 28 14.5 30 ± 22 
Zry-4 1.5 790 ± 34 4 20 ± 6 
Zr-1Nb 9.5 190 ± 21 - 60 ± 24 
Zr-
2.5Nb 4.5 340 ± 148 4 380 ± 41 
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Figure 2.7: Average measured oxide thickness versus isothermal oxidation 
temperature in air and oxygen for all cladding materials. The error increases with 
increasing oxidation temperature due to the cracked nature of the oxide. The inset 
shows cross-section images of Zry-4 after 20 hours of isothermal oxidation at 800 °C. 
2.5 Discussion 
2.5.1 Oxidation Kinetics 
The oxidation rate is related to the normalized mass gained during oxidation by the 
equation [12]: 
𝑊𝑊𝑛𝑛 = 𝐾𝐾 ∗ 𝑡𝑡 �𝑘𝑘𝑘𝑘
𝑚𝑚2
�
𝑛𝑛
          (1)  
where W is the normalized mass gain, K is the oxidation rate constant, t is oxidation time, 
and n is the rate law identifier (i.e. n=1 for linear n=2 for parabolic oxidation behavior). 
The oxidation rate constant is determined for each alloy and isothermal temperature by 
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fitting Equation 1 to the data in Figure 2.4. The pre- and post-breakaway rate constants 
were determined separately, with pre-breakaway following parabolic (n=2) oxidation 
behavior and post-breakaway following linear (n=1) oxidation behavior. The activation 
energy of each alloy before and after breakaway is then determined via an Arrhenius 
equation according to: ln(K) = ln(𝐴𝐴) + �1
𝑇𝑇
� �
−𝐸𝐸𝑎𝑎
𝑅𝑅
�  � 𝐽𝐽
𝑚𝑚𝑚𝑚𝑚𝑚
�        (2)  
where A is a constant, Ea is the activation energy, R is the ideal gas constant, and T is the 
isothermal oxidation temperature. The ln(K) values obtained from Equation 1 are plotted 
against 1/T and are fit with a linear trend line. These plots before and after breakaway from 
oxidation in oxygen are shown in Figure 2.8 and the values found for Equation 2 are listed 
in Table 2.3. Activation energy before and after breakaway are obtained from the slopes of 
these plots and listed in Table 2.4. 
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Figure 2.8: Arrhenius dependence of oxidation rate constant as a function of 
temperature after isothermal oxidation in oxygen where Kp and Kl are the parabolic 
and linear rate constants, respectively. The activation energy for oxidation can be 
derived from the slope of the plot according to Equation 2.
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Table 2.3: Constants and slopes obtained from Arrhenius fits (Equation 2) as 
described above. The Arrhenius dependence for zirconium and zirconium alloys 
before and after breakaway during isothermal oxidation in oxygen is shown in 
Figure 2.8. 
   Zr Zry-3 Zry-4 Zr-1Nb Zr-2.5Nb 
Pre-
Breakaway 
Air 
ln(A) -5.30 -2.88 -3.26 -1.97 -0.69 
Ea/R (K) -12890 -14535 -14018 -14821 -15384 
R2 0.98 0.98 0.95 0.99 0.99 
Oxygen 
ln(A) -3.36 -5.05 -3.98 -3.07 1.46 
Ea/R (K) -14954 -12744 -13636 -13769 -17029 
R2 0.99 0.97 0.97 0.99 0.99 
Post-
Breakaway 
Air 
ln(A) 
N/A 
5.74 21.54 7.96 4.97 
Ea/R (K) -18719 -34459 -20897 -17087 
R2 - 0.96 - - 
Oxygen 
ln(A) 
N/A 
-11.68 6.66 -1.96 2.76 
Ea/R (K) -2041.8 -19612 -11441 -14972 
R2 - 0.97 - - 
 
Table 2.4: Calculated activation energies (Ea) of each alloy in air or oxygen 
compared to values reported in literature. Activation energies are calculated for 
pre-breakaway (Pre-B) and post-breakaway (Post-B) regimes. 
 Air Oxygen 
 Pre-B  Ea (kJ/mol) 
Literature  
Pre-B  
Ea (kJ/mol) 
Post-B 
Ea (kJ/mol) 
Pre-B  
Ea (kJ/mol) 
Literature  
Pre-B  
Ea (kJ/mol) 
Post-B 
Ea (kJ/mol) 
Zr 107 - N/A 124 [16]: 179 [17]: 159 N/A 
Zry-3 121 - 156 106 - 17.0 
Zry-4 117 
[5]: 86.8 
[3]: 89.4 
[18]: 114 
[19]: 190 
[20]: 130 
286 113 [7]: 45.2 163 
Zr-1Nb 123 [5]: 65.6 [3]: 54.2 174 114 - 95.0 
Zr-2.5Nb 128 [21]: 79.4 [22]: 150 142 142 - 124 
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2.5.2 Pre-Breakaway 
As previously mentioned, the oxidation of zirconium alloys typically follows 
parabolic or sub-parabolic kinetics until a transition (breakaway) occurs after which the 
kinetics become linear. After the initial adsorption of oxygen onto the surface of the metal, 
the parabolic (pre-breakaway) regime is controlled by the diffusion of oxygen anions 
through the oxide layer [12]. It is suggested in literature that the pre-breakaway oxidation 
mechanism is such that oxygen anions diffuse inward along crystallite boundaries in the 
oxide [9]. An inert marker experiment was performed on pure zirconium as well as all four 
alloys to determine if the same diffusion mechanism applies for all the materials 
investigated. A thin (50 μm diameter) gold wire was welded onto the surfaces of the 
samples prior to oxidation at 700 °C in air and in oxygen for 140 minutes. Similar to 
literature, these experiments also suggested that an inward diffusion mechanism is present 
since the gold wire was found at the oxide/atmosphere interface in all cases. Although more 
studies would need to be done to confirm the exact oxidation mechanism, it is useful to 
know that the mechanism appears to agree with literature for all materials investigated. 
The rate constants were determined by fitting the pre-breakaway regime with a 
parabolic fit, neglecting the initial oxidation of the bare metal (initial linear region of mass 
gain plot). The fitting parameters calculated by the method described in Section 2.5.1 are 
listed in Table 2.3 along with the R2 value that describes the variance between the data and 
the fit. For all materials except for Zry-4, there are only two temperatures where a post-
breakaway oxidation rate can be extrapolated. For these alloys, an R2 value of 1 was found, 
indicating a perfect fit. This is an artifact of fitting two data points, thus the R2 values are 
not reported. The calculated activation energies are plotted with values reported in 
31 
 
 
literature in Figure 2.9. The pre-breakaway activation energies are similar between the two 
atmospheres (within approximately 20 kJ/mol) for each alloy, further indicating that the 
presence of nitrogen in the oxidizing atmosphere does not significantly affect the pre-
breakaway oxidation regime. Additionally, the activation energies are similar to values 
reported in literature. Discrepancies between literature values can be attributed to the wide 
variety of sample geometry, experimental setup, and oxidizing atmosphere reported. 
 
Figure 2.9: Calculated activation energies for Zr, Zry-3, Zry-4, Zr-1Nb, and Zr-
2.5Nb compared to reported values. Solid symbols represent values obtained from 
oxidation in air, hollow symbols represent values obtained from oxidation in oxygen. 
2.5.3 Post-Breakaway 
The cracks formed during breakaway result in a direct path for oxygen to reach the 
metal surface, which has been shown to lead to accelerated oxidation kinetics. This 
transition is intensified by the presence of nitrogen in the atmosphere (Figure 2.4 and Table 
2.2). It has been reported in literature that as oxygen is consumed within the cracks of the 
zirconium oxide, a nitrogen rich phase is formed [12,15]. As the oxygen is refreshed, the 
ZrN is oxidized in a rapid exothermic reaction, which results in a volume increase and a 
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porous, non-protective oxide [7,12,15]. This post-breakaway regime is best characterized 
with a linear rate law, where n=1 in Equation 1. The calculated activation energies for each 
material in the post-breakaway regime are listed in Table 2.4 where it is seen that the 
activation energies for oxidation in air are significantly higher than in oxygen. 
2.6 Conclusion 
The oxidation behavior of Zr, Zry-3, Zry-4, Zr-1Nb, and Zr-2.5Nb of similar 
geometry in 80%N2+O2 (air) and 80%Ar+O2 (oxygen) in the temperature range 400-800 °C 
has been investigated and compared using thermogravimetric analysis. It has been 
observed that all four alloys exhibit the characteristic kinetic transition from parabolic to 
linear (breakaway) within 20 hours during isothermal oxidation at 700 and 800 °C. In all 
four alloys, the oxidation behavior is similar to what has been shown in literature; a dense 
protective oxide forms during pre-breakaway oxidation while the post-breakaway oxide is 
much thicker, cracked, and less protective [9-11]. 
Zr-2.5Nb was found to have most rapid oxidation kinetics of all the materials that 
were investigated and has similar oxidation rates in both air and oxygen. Zry-3 and Zr-1Nb 
were the most resistant to breakaway and had the slowest oxidation kinetics after 
breakaway. Zry-3, Zry-4, and Zr-1Nb had faster oxidation kinetics and thicker, more 
porous oxides after oxidation in air when compared to oxidation in oxygen. The Sn and Fe 
containing alloys were more sensitive to the oxidizing atmosphere than the Nb containing 
alloys and exhibited faster oxidation kinetics in air than in oxygen. The inert marker 
experiment confirmed that for all materials (including pure zirconium), the diffusing 
species is likely oxygen anions diffusing through the oxide to the underlying metal.
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CHAPTER THREE: OXIDATION BEHAVIOR OF WELDED ZRY-3, ZRY-4, AND 
ZR-1NB TUBES 
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3.1 Abstract 
The Transient Reactor Test (TREAT) facility is a research reactor designed to 
simulate rapid transients to test new fuel designs. TREAT’s cladding is exposed to unique 
conditions compared to normal water reactors. These conditions include: exposure to air at 
high temperatures (≥ 600 °C), rapid heating (≈ 700 °C/s), and cladding geometry that 
includes chamfers and welds. This work investigates the effects of chamfering and welding 
on the oxidation behavior of zirconium alloys (Zircaloy-3, Zircaloy-4, and Zr-1Nb). Tube 
specimens were examined under isothermal and transient conditions in dry and humid air. 
The effect of weld type (tungsten inert gas or electron beam), the number of welds, and 
alloying elements are compared. Thermogravimetric analysis was used to collect mass gain 
data during isothermal oxidation and the data was used to quantify the oxidation rate 
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constant and the activation energy of oxidation. Oxide behavior in the weld region, 
chamfered region, and bulk tube was measured and compared. The microstructure and 
secondary phase precipitates in EBW tubes before and after breakaway were characterized. 
The electron beam welded Zr-1Nb specimen was found to have the most favorable 
oxidation behavior under both isothermal and transient conditions. Zry-4 oxidized the most 
readily and was the most affected by mechanical deformation. 
3.2 Introduction 
The Transient Reactor Test (TREAT) facility is a nuclear test facility at the Idaho 
National Laboratory (INL) which is designed to simulate a variety of transient type 
scenarios and provide safety data on new fuel designs. As part of an effort to convert 
TREAT from a highly enriched uranium fuel core to a low enriched uranium core, and 
because the legacy Zircaloy-3 (Zry-3) fuel cladding material is no longer commercially 
available, alternative zirconium alloys are being evaluated for use as cladding. It is 
important to understand the oxidation behavior of zirconium alloys, because it is the 
limiting factor for the maximum core temperature [1]. The oxidation behavior of zirconium 
alloys is not well studied in TREAT’s conditions, which include: operation temperatures 
between 400-600 °C with an 820 °C design basis accident temperature (DBA), rapid 
transients up to 700 °C/s, and the use of air as coolant. Some literature is available on the 
behavior of zirconium alloys in these conditions; however, no studies have been completed 
to provide a direct comparison, with the same experimental parameters, of the alloys of 
interest. It has been shown that the corrosion resistance of zirconium alloys decreases with 
increasing temperature, and the oxidation reaction is thought to be catalyzed by the 
nitrogen present in air [2-4]. In a previous publication, the oxidation behavior of pure Zr, 
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Zry-3, Zircaloy-4 (Zry-4), Zr-1Nb, and Zr-2.5Nb plate samples were systematically 
compared in both synthetic air and oxygen from 400-800 °C [5]. It was found that all four 
alloys experienced faster post-breakaway oxidation kinetics and had thicker, less protective 
oxides after oxidation in air compared to oxygen. Additionally, the Zr-1Nb oxidation 
kinetics were the slowest and it was the most resistant to the characteristic breakaway 
oxidation when compared to the Sn and Fe (Zry-3 and Zry-4) containing alloys [5]. 
TREAT’s cladding differs from traditional cladding in that it has chamfers and 
welds (as seen in Figure 3.1), both of which can alter the microstructure and, ultimately, 
the oxidation behavior of the fuel pin [6-8]. The grains in the weld region typically coarsen 
from the base metal towards the fusion zone, where the metal has experienced the highest 
temperature during welding [7]. The grains in the base metal are usually equiaxed grains 
corresponding to α-Zr that coarsen in the heat affected zone (HAZ). In the fusion zone 
(FZ), the grains are found to be lamellar α-Zr [9]. Zhang et al. found that electron beam 
welded (EBW) Zr-702 (an Fe, Cr, and Hf containing alloy) had improved corrosion 
resistance in the weld region over the base metal due to dissolution of secondary phases 
during welding [9]. Cai et al. determined that weld beads formed using pulsed laser beam 
welding on a zirconium alloy containing Nb, Sn, and Fe spacer grid experienced excessive 
cracking compared to the base metal due to stresses at the metal/oxide interface [10]. 
Additionally, Ryabichenko et al. found that tungsten inert gas (TIG) welded Zr-Nb alloys 
had similar corrosion resistance to EBW alloys [11]. Although some studies on the 
oxidation behavior of EBW and TIG welded zirconium alloys have been reported, none 
present a direct comparison of the oxidation of Zry-3, Zry-4, and Zr-1Nb welded tubes in 
TREAT’s conditions. 
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Figure 3.1: Rendering of TREAT’s unique fuel cladding assembly, which includes 
chamfered corners and welded end caps. 
Mechanical deformation (such as chamfering) affects the microstructure of the bulk 
metal, however, it is unclear how this affects the oxidation behavior of zirconium alloys. 
Plastic deformation has been shown to decrease the grain size and increase dislocation 
density of zirconium [12-14]. Modeling the oxidation of zirconium with various grain sizes 
indicates that corrosion resistance of zirconium increases with decreasing grain size before 
breakaway [15]. However, the model did not predict how grain size would affect the 
breakaway transition or the oxidation kinetics after breakaway. Additionally, only 
zirconium metal was modelled, alloying constituents were not considered. In some cases, 
such as plastic deformation via high pressure torsion, the stresses created from the 
deformation can result in phase transformations in the zirconium matrix and secondary 
phase precipitates [13]. Studies have reported that the oxidation behavior of zirconium 
varies with the phase of the metal. The room temperature α-Zr phase and β-Nb phase 
improve corrosion resistance, while the β-Zr phase is detrimental to corrosion resistance 
[16,17]. It is unknown how plastic deformation from chamfering will affect the 
microstructure and oxidation behavior of zirconium alloys. Although some studies have 
been reported on the effect of plastic deformation on the microstructure of zirconium, the 
effect of chamfering on the oxidation behavior Zry-3, Zry-4, and Zr-1Nb remains unclear. 
This work is intended to provide a direct comparison between three candidate 
zirconium alloy cladding materials, Zry-3, Zry-4, and Zr-1Nb during both isothermal and 
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rapid transient experiments in dry and humid air. The effects of welding, weld type, and 
chamfering on the oxidation kinetics are compared. 
3.3 Experimental Procedures 
3.3.1 Materials 
Zry-3, Zry-4, and Zr-1Nb tube samples were fabricated at the INL by plastically 
deforming sheets of material with 15 chamfers and welding the seam with either a single 
longitudinal EBW, two longitudinal EBW, or two longitudinal TIG welds. The tubes had 
an approximate diameter of 16 mm and the Zry-3 tubes had a wall thickness of 0.63 mm 
while Zry-4 and Zr-1Nb had wall thicknesses of 0.66 mm. Prior to oxidation, the tubes 
were subjected to an annealing heat treatment to remove stresses present from fabrication. 
The annealing heat treatment included heating to 450 °C at 20 K/min ramp under high 
vacuum (10-7 torr) where they were held for 24 hours before being cooled to room 
temperature at the same rate. The tubes were cleaned by sonication in a solution of 1:1:1 
acetone:ethanol:deionized water before oxidation. The composition of the zirconium alloys 
is shown in Table 3.1. 
Table 3.1: Typical composition of zirconium alloys in wt % [24]. 
 Sn Fe Cr O Nb 
Zry-3 0.25 0.25 - - - 
Zry-4 1.5 0.21 0.1 0.13 - 
Zr-1Nb - 0.015-0.06 - 0.09-0.12 1 
 
3.3.2 Isothermal Oxidation 
Twenty-hour isothermal oxidation experiments in dry and humid synthetic air 
(certified N2 + 20% O2) were performed in a NETZSCH STA-449 F3 Jupiter equipped with 
thermogravimetric analysis (TGA). A platinum-mesh plate was used as a sample carrier to 
maximize the interaction of the sample with the reactant gases as shown in Figure 3.2. 
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Humid air oxidation experiments were done with a partial pressure of water PH2O=0.29 psi 
(30% relative humidity at 100 °F), which is typical of the moisture content in the desert air 
during typical TREAT operation. The dry air oxidation experiments were performed on 
single EBW, double EBW (2-EBW), and TIG welded tubes. All isothermal oxidation 
experiments in the temperature range 500-700 °C were held for 20 hours. Experiments 
done at 800 and 820 °C were shortened due to severe degradation of the specimens. After 
oxidation the mass gain data (normalized to the measured initial surface area of the tubes) 
was used to quantify the oxidation rate constants of each alloy at each temperature. The 
determined oxidation rates were then used to determine the activation energies for 
oxidation of each specimen.  
 
Figure 3.2: Experimental setup inside the STA showing a welded tube specimen on 
the platinum mesh plate. 
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The oxide thickness of the non-plastically deformed (bulk), chamfered, and welded 
regions were each measured after 20-hour isothermal oxidation at 700 °C. Only samples 
oxidized at 700 °C were measured because a direct comparison of oxidation behavior could 
be made, whereas the samples oxidized at higher temperatures were oxidized for various 
durations, as previously stated. The tubes were ground down approximately 2 mm from 
the top surface to image the metal/oxide interface using optical microscopy. At least 30 
measurements were taken for the bulk and chamfer regions, and at least 15 measurements 
were taken of the weld region. 
3.3.3 Transient Oxidation 
As previously stated, TREAT is designed to produce rapid transients with heating 
rates up to 700 °C/s and a relatively slow cooling rate over an extended period of time (10 
or more hours to reach room temperature). To replicate these conditions, fifteen transients 
from 600–500 °C (≈ 600 minutes of exposure) were completed to simulate normal TREAT 
operation, followed by a transient from 820–450 °C to simulate a DBA scenario. One of 
the temperature profiles measured from these experiments is shown in Figure 3.3. To 
replicate the transients, a benchtop muffle furnace was heated to the temperature of interest 
(either 600 or 820 °C) and the specimen was inserted through a port on the top of the 
furnace. A pure zirconium tube with a thermocouple spot welded onto the surface was 
inserted simultaneously with the specimen to monitor the temperature (Figure 3.4). The 
experiments were repeated for 2 samples per alloy. The samples were weighed and imaged 
between each cycle. 
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Figure 3.3: Transient oxidation temperature profile followed for each sample 
showing fifteen transients from 600 – 500 °C simulating normal TREAT operation, 
followed by a DBA temperature profile from 820 – 450 °C. 
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Figure 3.4: Experimental setup for transient oxidation experiments. A pure Zr 
tube with a thermocouple spot welded to the surface was inserted into the furnace 
with the EBW zirconium alloy tube to monitor temperature during the experiment. 
3.4 Results 
3.4.1 Isothermal Oxidation 
The macroscopic images after isothermal oxidation of EBW and TIG welded Zry-3, 
Zry-4, and Zr-1Nb in dry and humid air are shown in Figure 3.5, Figure 3.6, and Figure 
3.7. The corresponding normalized mass gain data collected during oxidation is shown in 
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Figure 3.8. As seen in the mass gain plots, breakaway oxidation occurs in all three alloys 
at temperatures ≥ 700 °C and Zry-4 experiences breakaway the earliest of the three alloys, 
while Zr-1Nb is the most resistant to breakaway. 
 
Figure 3.5: Macroscopic images of Zry-3 EBW or TIG welded tubes after 
isothermal oxidation experiments in dry or humid air. 
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Figure 3.6: Macroscopic images of Zry-4 EBW or TIG welded tubes after 
isothermal oxidation experiments in dry or humid air. 
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Figure 3.7: Macroscopic images of Zr-1Nb EBW or TIG welded tubes after 
isothermal oxidation experiments in dry or humid air. 
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Figure 3.8: Mass gain normalized to measured initial surface area during 
isothermal oxidation experiments of EBW or TIG welded Zry-3, Zry-4, Zr-1Nb tubes 
in dry or humid air. 
From Figure 3.5-Figure 3.7, and as expected from the discussion above, the HAZ 
is larger in the TIG welded tubes than in the EBW specimens [18]. The effect of plastic 
deformation on oxidation behavior is seen in the Sn-Fe containing alloys (Zry-3 and Zry-4); 
accelerated oxidation on the chamfer regions are clearly visible. In cases where the sample 
fell apart, the Zry-3 and Zry-4 failed at the chamfers. The opposite is true for the Zr-1Nb 
alloy; accelerated oxidation occurs first on the non-plastically deformed, or bulk, regions 
of the tube and fracture occurred at the weld. In contrast to the other two alloys, Zr-1Nb 
experiences accelerated oxidation in a crack-like network on the surface rather than on the 
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entirety of the surface as seen in the images taken after 800 and 820 °C oxidation. The 
same behavior was seen during the oxidation of plate specimens [5]. Ballooning occurs in 
Zry-3 and Zr-1Nb after oxidation ≤ 800 °C and after oxidation at 820 °C in Zry-4, although 
most of these samples fell apart at 800 °C making it difficult to determine if ballooning 
occurred or not. In Zry-4 and Zr-1Nb, the color of the oxide at the weld is noticeably 
different than the rest of the tube, the weld region being significantly lighter. This 
difference in color is also seen on Zry-3, however it is less pronounced, particularly on the 
EBW tubes oxidized at low temperatures. 
From the mass gain data in Figure 3.8, EBW and TIG welded tubes have similar 
oxidation kinetics in Zry-4 at all temperatures. The effects of humid air on breakaway 
oxidation rates, for all specimens, appears insignificant. However, there was a slight 
difference in oxidation behavior between EBW and TIG welded Zry-3 and Zr-1Nb tubes. 
The single EBW Zry-3 tube oxidized in both dry and humid air resisted breakaway longer 
than the TIG welded and 2-EBW tubes during 800 °C oxidation. However, the EBW tube 
oxidized in humid air and the TIG welded tubes in dry air resisted breakaway the longest 
at 820 °C. A consistent trend is seen from the mass gain data during oxidation of Zr-1Nb. 
A difference can be seen in Zr-1Nb at high temperatures, with the single EBW tubes 
resisting breakaway oxidation longer than the TIG welded tubes. 
Figure 3.9 shows the average oxide thickness of each specimen after isothermal 
oxidation at 700 °C. The measurements agree with what is seen in the images of the 
specimens: the oxidation behavior of Zry-3 is unaffected by chamfering or welding as there 
is no statistical difference in the oxide thickness between the three regions. The effect of 
chamfering and welding is clearly seen in Zry-4 (as is visible in Figure 3.6); the chamfer 
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and weld regions are approximately 70% thicker than the bulk regions. Zr-1Nb also 
exhibits accelerated oxidation at the weld, also clearly visible in Figure 3.7, while the bulk 
and chamfered regions have similar oxide thickness.  
 
Figure 3.9: Oxide thickness of each section of the welded tubes after 20-hour 
isothermal oxidation at 700 °C. The error bars are the standard deviation of 15 (weld) 
or 30 (bulk and chamfer) measurements. 
3.4.2 Transient Oxidation 
Images of the EBW tubes before oxidation (N = 0), after the first and fifteenth 
600 °C transient cycles (N = 1 and N = 15) and the final 820 °C transient (DBA) are shown 
in Figure 3.10. The behavior of the alloys after transient oxidation is similar to what is seen 
after isothermal oxidation. Zry-3 and Zry-4 experience accelerated oxidation first on the 
chamfers (more prominent on Zry-4), while Zr-1Nb maintains its protective oxide until the 
DBA transient. It should be noted that the as received Zry-3 tube had deformation present 
next to the weld from the fabrication process (to the right of the weld, Figure 3.10). The 
deformation had different surface texture, and therefore different oxidation behavior than 
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the rest of the tube. After the DBA transient, the characteristic crack-like accelerated 
oxidation is present along with accelerated oxidation at the weld in Zr-1Nb. 
 
Figure 3.10: EBW Zry-3, Zry-4, and Zr-1Nb after N = 0, 1, 15 (600 °C) and DBA 
(820 °C) transient oxidation cycles. 
3.5 Discussion 
3.5.1 General Oxidation Behavior 
The initial oxidation behavior of zirconium alloys is typically characterized by 
parabolic kinetics and is governed by diffusion of oxygen anions through the oxide layer 
[19]. Once the oxide reaches a critical thickness, it cracks and exposes bare metal, which 
provides a direct path for oxygen to reach the surface. The kinetics then become linear and 
oxidation occurs very rapidly [4,19]. This transition is termed “breakaway.” The pre- and 
post-breakaway oxidation kinetics were quantified according to the method presented in a 
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previous publication [5]. The parabolic and linear rate constants for each specimen were 
determined and then plotted Arrheniusly. The activation energies were calculated from the 
slope of the curve as discussed in previous work [5]. The activation energies (Ea), constant 
(A), and variance between the data and linear fit (R2) both before and after breakaway are 
in Table 3.2. The activation energies are rounded to the nearest 10 kJ/mol due to the inherent 
uncertainty associated with fitting data that is highly dependent on the surface area of the 
starting material, which is not trivial to measure with the chamfered specimens. 
Table 3.2: Constants, R2 values, and calculated activation energies for oxidation 
of chamfered and welded Zry-3, Zry-4, and Zr-1Nb in air obtained from Arrhenius 
fits. 
  Pre-Breakaway Post-Breakaway 
  ln(A) -Ea (kJ/mol) R
2 ln(A) -Ea (kJ/mol) R
2 
Zry-3 
EBW run 1 -0.92 130 0.99 5.27 150 1 
EBW run 2 0.57 140 0.99 4.21 140 0.99 
EBW-2 1.26 150 1 6.81 160 1 
TIG -0.19 140 1 4.64 140 1 
Humid Air -1.32 130 0.99 5.33 150 0.94 
Zry-4 
EBW run 1 2.21 160 1 6.65 150 1 
EBW run 2 3.19 160 1 7.29 160 1 
EBW-2 2.84 160 0.99 8.08 170 1 
TIG 0.98 150 0.99 6.73 160 1 
Humid Air 0.92 150 1 7.33 160 1 
Zr-1Nb 
EBW run 1 -0.83 130 0.99 5.50 150 1 
EBW run 2 -3.56 100 0.93 5.41 150 0.99 
EBW-2 3.75 170 0.99 8.10 170 1 
TIG 0.53 140 0.99 6.74 160 1 
Humid Air 0.25 140 0.99 5.87 160 0.99 
 
3.5.2 Effect of Welding and Plastic Deformation on Oxidation Behavior 
It has been shown that the oxidation behavior of zirconium alloys is dependent on 
the microstructure and secondary phases in the base metal [6-8]. The high temperature of 
welding alters the microstructure of the zirconium alloys, as is visible in the optical images 
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of the alloys in Figure 3.11-Figure 3.13, which shows the microstructure of the EBW bulk, 
chamfered, and welded regions in the as received material and after 700 °C isothermal 
oxidation in dry air. The grains in the bulk metal and HAZ are small, equiaxed shaped 
grains that become increasingly coarser towards the FZ. The FZ exhibits lamellar shaped 
grains similar to what has been shown in literature [9]. No difference in microstructure is 
seen between the bulk and chamfered regions in any of the alloys. In Zry-3 (Figure 3.11), 
after oxidation, precipitates appear to be homogeneously dispersed in the non-welded 
regions. As seen in Figure 3.12, no precipitates are visible after oxidation and the 
microstructure is similar to the as received microstructure. The grains in Zr-1Nb are much 
smaller than in the other alloys and are more visible after oxidation, which is likely due to 
segregation of precipitates at the grain boundaries. 
 
Figure 3.11: Dark field optical images of as received (AR) EBW Zry-3 and after 20-
hour isothermal oxidation at 700 °C in dry air. The microstructure of the weld, 
chamfered, and bulk regions are shown. 
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Figure 3.12: Dark field optical images of as received (AR) EBW Zry-4 and after 20-
hour isothermal oxidation at 700 °C in dry air. The microstructure of the weld, 
chamfered, and bulk regions are shown. 
 
Figure 3.13: Dark field (weld) and bright field (chamfer and bulk) optical images of 
as received (AR) EBW Zr-1Nb and after 20-hour isothermal oxidation at 700 °C in 
dry air. The microstructure of the weld, chamfered, and bulk regions are shown. 
Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy 
(EDS) were used to characterize the as received and oxidized (700 °C dry air) EBW tubes. 
Images of the weld and bulk microstructure of the alloys before and after oxidation are 
shown in Figure 3.14-Figure 3.16. Prior to oxidation, no precipitates are present in the 
welded region of the three alloys. Similar results have been reported for zirconium alloys 
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as a result of EBW [7,9]. It is probable that the temperature achieved during welding was 
high enough for the precipitates to dissolve into the matrix. The non-welded regions of 
Zry-3 contained Fe-rich precipitates at the grain boundaries before oxidation, as shown in 
Figure 3.17. These precipitates were found to contain between 2-5 wt% Fe, while the 
surrounding matrix contained between 0.2-0.4 wt% Sn in solution, as expected from Table 
3.1. No precipitates were found in Zry-4 or Zr-1Nb prior to oxidation. 
 
Figure 3.14: SEM images of the weld and bulk microstructure of as received (AR) 
and oxidized (700 °C dry air) EBW Zry-3. All images were collected using backscatter 
electrons. The circles on the images after oxidation highlight high concentration Fe 
precipitates. 
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Figure 3.15: SEM images of the weld and bulk microstructure of as received (AR) 
and oxidized (700 °C dry air) EBW Zry-4. All images were collected using backscatter 
electrons except the oxidized weld region, which is a secondary electron image.
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Figure 3.16: SEM images of the weld and bulk microstructure of as received (AR) 
and oxidized (700 °C dry air) EBW Zr-1Nb. All images were collected using 
backscatter electrons. The circles on the images highlight the Nb and O-rich 
precipitates identified through EDS. 
After oxidation, increased Fe precipitation is seen at the grain boundaries in Zry-3 
in all regions. The Fe segregation at the grain boundaries seen before oxidation remains, 
but with a slightly lower Fe concentration (≈1 wt%). However, precipitates with much 
higher Fe concentration (11-13 wt%) formed during oxidation, seen as the dark spots in 
Figure 3.14 (highlighted with circles). Additionally, an approximately 20 μm Fe-depleted 
region was identified at the metal/oxide interface in both the welded and non-welded 
regions, where the concentration dropped to nearly 0%. This depleted region was not 
observed in Zry-4 or Zr-1Nb. During oxidation, Fe segregated to the grain boundaries in 
the welded region of Zry-4 and had a composition of approximately 0.8 wt% Fe. No 
precipitates were identified in the non-welded regions. It has been well characterized that 
precipitates such as Fe act as nucleation sites for oxidation and can result in stresses and 
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cracks in the oxide, leading to enhanced oxidation [20-22]. Accordingly, the presence of 
Fe precipitates in the welded region of Zry-4 could contribute to the accelerated oxidation 
seen in this region. In Zr-1Nb, the precipitates at the grain boundaries after oxidation (some 
of which are highlighted in Figure 3.16) were found to be Nb and O-rich, with some 
precipitates containing up to 6 wt% Nb. The formation of small Nb precipitates in 
zirconium alloys has been shown to enhance resistance to breakaway oxidation due to the 
reduction of supersaturation of Nb in the Zr matrix and stabilization of the tetragonal 
zirconia phase [17,23]. The resistance to breakaway oxidation of Zr-1Nb is clear from 
Figure 3.8. 
 
Figure 3.17: SEM image and corresponding EDS maps of Fe-rich precipitates found 
at the grain boundaries of the non-welded regions of as received EBW Zry-3. The 
intensity of the EDS maps corresponds to concentration of the element in the material. 
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3.5.3 Transient Oxidation 
The mass gain (normalized to surface area before oxidation) of each specimen 
during N = 0-15 and DBA transients and theoretical oxide thickness for each alloy is shown 
in Figure 3.18. The data is averaged between 2 runs. Minimal mass gain occurred during 
transients N = 1-15 and all alloys experienced similar mass gain. After the 820 °C transient, 
a similar trend appears that was seen during isothermal oxidation: Zry-4 experienced the 
most mass gain while Zr-1Nb experienced the least after the DBA transient. The maximum 
allowed thickness is also shown in Figure 3.18. This maximum value is defined by the INL 
as 17% of the original wall thickness of the tube. The thinnest wall thickness (0.635 mm) 
was used to calculate the maximum oxide thickness shown in Figure 3.18 to reflect a 
conservative value. It is clear that during the 600 °C transients, which is TREAT’s 
maximum normal operating temperature, the oxide thickness is well below the maximum 
allowed thickness. Even after an 820 °C transient, or accident temperature, all alloys are 
still well below this maximum thickness. However, the cladding would need to be replaced 
following a DBA transient to prevent failure during future normal operating conditions. 
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Figure 3.18: Average mass gain between runs 1 and 2 and associated theoretical 
oxide thickness after each 600 °C transient (N = 1-15) and after the final 820 °C DBA 
transient. Maximum allowed oxide thickness (17% of the original wall thickness) is 
shown for reference. The inset shows a magnified view of the mass gain and 
theoretical oxide thickness after the 600 °C transients. 
3.6 Conclusion 
TREAT’s cladding is unique in that it has welds, chamfers, and is exposed to rapid 
transients (700 °C/s) in air. To study the effect of these conditions on potential cladding 
material, welded and chamfered Zry-3, Zry-4, and Zr-1Nb tubes have been oxidized under 
isothermal and transient conditions in both dry and humid air in the temperature range 
500-820 °C. Thermogravimetric analysis data was used to quantitatively compare the 
oxidation behavior between the alloys and weld types. The data was then used to identify 
the oxidation kinetics of each specimen. Zry-4 was found to be the least resistant to the 
breakaway transition and oxidized the most rapidly, whereas Zr-1Nb was the most resistant 
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to breakaway. The oxide thickness was measured on the weld, chamfer, and bulk regions 
of the tubes after 20-hour isothermal oxidation at 700 °C and compared. It can be seen from 
the images in Figure 3.6 that Zry-4 experiences accelerated oxidation on the chamfered 
regions which is confirmed by the measurements in Figure 3.9. The oxide thickness is 
consistent between all three regions in Zry-3 at this temperature; however, at temperatures 
above 700 °C, it is clear that the tubes will fail at either the chamfer or the weld (Figure 
3.5 and Figure 3.9). The oxide on the weld for Zr-1Nb was thicker than the other two 
regions, which is also seen from the images. Additionally, the oxidation behavior was the 
same regardless of weld type in Zry-4 as seen in Figure 3.8, while the Zr-1Nb EBW tubes 
resisted breakaway longer than the TIG welded tubes at temperatures ≤ 700 °C. In Zry-3 
at oxidation temperatures ≥ 700 °C, the EBW and TIG welded tubes had similar oxidation 
kinetics. At 800 °C, the EBW tubes resisted breakaway longer than the TIG welded tubes; 
however, at 820 °C the TIG welded tubes resisted breakaway the longest. 
Comparing the microstructure of the EBW tubes before and after oxidation (Figure 
3.11-Figure 3.16), it was seen that precipitation of secondary phases occurred in all three 
alloys during oxidation. After oxidation, Zry-3 and Zry-4 contained Fe-rich precipitates at 
the grain boundaries. In Zry-3, this occurred in the entire specimen. However, in Zry-4, the 
precipitation occurred only in the weld region. Zr-1Nb had small Nb-rich precipitates after 
oxidation. Comparing the microstructure between the weld, chamfer, and bulk regions of 
the EBW tubes, a clear difference is seen between the welded and non-welded regions. The 
welded regions consist of lamellar grains that coarsen towards the FZ, while the non-
welded regions consist of small, equiaxed grains. The microstructure between the bulk and 
chamfered regions appear the same. 
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All three alloys had similar behavior during transient oxidation as in isothermal 
oxidation. Zry-4 experienced accelerated oxidation on the chamfered regions during the 
600 °C transient cycles while Zry-3 only experienced slightly increased oxidation on the 
chamfers. Zr-1Nb maintained a thin, dense oxide on the entire tube through all 600 °C 
transients. Additionally, it was determined that after 15 cycles to TREAT’s maximum 
normal operating temperature, followed by an accident type transient to 820 °C, the oxide 
thickness of all three alloys is still well below (<30 %) the maximum allowed thickness 
defined by the INL. 
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4.1 Abstract 
The TREAT facility, located at the Idaho National Laboratory, is an air-cooled test 
facility designed to simulate rapid reactor transient conditions up to 600 °C. Zirconium and 
its alloys are known to undergo a transition from parabolic to linear oxidation kinetics, 
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termed “breakaway.” After breakaway, the oxide formed is porous and non-protective 
which significantly decreases its mechanical stability as a cladding material. In this work, 
the oxidation behavior of Zircaloy-3, Zircaloy-4, and Zr-1Nb is evaluated in isothermal 
and rapid transient conditions (air at ≤ 820 °C). Separate effects studies were done on plate 
samples in air (80% N2+O2) and oxygen (80% Ar+O2) to characterize the effect of nitrogen 
on the oxidation behavior during isothermal oxidation using thermogravimetric analysis. It 
was observed that the three alloys exhibit decreased resistance to breakaway in air. In 
addition, the effects of chamfering and welding on the oxidation behavior were investigated 
during isothermal and rapid transient oxidation. All alloys were affected by welding, 
however only the Fe/Sn containing alloys were affected by plastic deformation. Advanced 
characterization techniques (scanning Kelvin probe force microscopy and Raman 
spectroscopy) were performed on cross sections of oxidized specimens to further 
investigate the effects of oxide phase and composition on breakaway. 
4.2 Introduction 
The Transient Reactor Test (TREAT) facility located at the Idaho National 
Laboratory (INL) is designed to simulate transients and provide data on new fuel designs. 
TREAT has previously used Zircaloy-3 (Zry-3) cladding material, however Zry-3 is no 
longer commercially available, so an alternative zirconium alloy must be identified. 
Zirconium alloys are often used as nuclear fuel cladding material in light water reactors 
(LWRs) due to their favorable mechanical properties and corrosion resistance as well as 
their low absorption cross section for thermal neutrons [1]. The corrosion behavior of 
zirconium alloys is well studied in typical LWR conditions (i.e. 250-350 °C water) [1-3], 
however, less is reported on the oxidation behavior of zirconium alloys in air during 
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transient conditions. TREAT’s conditions are unique in that the cladding is exposed to air 
during rapid transients where the core will be heated to 600 °C in approximately 1 second, 
with a design basis accident (DBA) temperature of 820 °C. At high temperatures 
(≥ 700 °C), the oxidation kinetics have been shown to undergo a transition from parabolic 
to faster, linear kinetics. This transition is termed breakaway [1]. After breakaway, the 
oxide grows rapidly and results in the failure of the cladding material. Many factors have 
been reported to contribute to the breakaway phenomenon including: the oxidation of 
secondary phases, phase transformations in the oxide, and cracking of the oxide due to 
compressive stresses [4-9]. The relationship between the monoclinic to tetragonal phase 
transformation of ZrO2 and breakaway has been an area of interest. The transformation 
occurs at 1205 °C [10]. However, the compressive stresses generated during oxidation 
stabilize the tetragonal phase at lower temperatures [11,12]. During further oxidation and 
stress relaxation, the tetragonal grains undergo a martensitic transformation to a monoclinic 
structure, which results in a volume expansion [13]. The tetragonal to monoclinic phase 
transformation is thought to be a contributing factor to breakaway oxidation due to the 
associated porosity and crack formation [1,14]. Alloying elements added to improve the 
properties of zirconium can stabilize either the monoclinic or tetragonal phase, strongly 
influencing the oxidation behavior of the material. 
Additionally, zirconium alloys have been shown to experience accelerated 
oxidation kinetics in air compared to water, oxygen, or steam [15-21]. The nitrogen present 
in air has been shown to catalyze the oxidation reaction via the nitridation and re-oxidation 
of zirconium [15-19,21,22]. Oxidation in air has also been shown to result in a more porous 
and cracked oxide compared to oxidation in non-nitrogen containing atmospheres. This is 
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attributed to the volume expansion of approximately 49% associated with the oxidation of 
ZrN [20,23,24]. Rather than a seamless tube geometry, TREAT’s cladding geometry is a 
rectangular prism shape that includes chamfers and welded end caps. Welding and plastic 
deformation alter the microstructure of the base metal, which can directly impact the 
corrosion behavior of the alloy [25-31]. 
The work presented in this paper investigates the effects of TREAT’s unique 
conditions on the oxidation behavior of two potential cladding candidates: Zircaloy-4 
(Zry-4), and Zr-1Nb compared to the behavior of the legacy Zry-3 cladding. The effects of 
nitrogen, alloying elements, welding, plastic deformation, and rapid transients on the 
oxidation behavior are characterized between 400-820 °C. 
4.3 Experimental Procedures 
The cladding candidates investigated in this work are Zry-3, Zry-4, and Zr-1Nb. 
The typical compositions for each of these alloys is shown below in Table 4.1. 
Table 4.1: Typical composition (wt%) of zirconium alloys investigated in this 
work [1]. 
 Sn Fe Cr O Nb 
Zry-3 0.25 0.25 - - - 
Zry-4 1.4 0.2 0.1 0.12 - 
Zr-1Nb - 0.015-0.06 - 0.09-0.12 1 
 
4.3.1 Isothermal Oxidation 
Isothermal oxidation experiments were performed in a NETZSCH STA-449 F3 
Jupiter equipped with thermogravimetric analysis (TGA). A ramp rate of 20 °C/min with a 
100 mL/min flow rate of ultra-high purity argon cleaned with a thermal oxygen getter was 
used during heating and cooling. 20-hour isothermal oxidation experiments were 
performed on plate samples (Figure 4.1a) to investigate the effect of nitrogen on the 
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oxidation behavior of Zry-3, Zry-4, and Zr-1Nb. The experiments were performed in two 
different atmospheres: 80% N2+O2 (air) or 80% Ar+O2 (oxygen). The details of this 
experiment have been previously described [32]. 
Specimens that are more representative of TREAT’s unique cladding geometry 
were also studied. These specimens were tube-shaped and had welds and chamfers, as 
shown in Figure 4.1b. The tube samples had slightly different thicknesses: Zry-3 had a wall 
thickness of 0.63 mm, while Zry-4 and Zr-1Nb had thicknesses of 0.66 mm. The diameter 
of the tubes was approximately 16 mm. Prior to oxidation experiments, the internal stresses 
present from fabrication were removed via an annealing heat treatment of 450 °C for 24 
hours under high vacuum (10-7 torr). Isothermal oxidation experiments were performed in 
both dry and humid (PH2O=0.29 psi) air (flow rate of 100 mL/min) at 500, 600, 700, 800, and 
820 °C. A platinum-mesh sample carrier that allowed both the inside and the outside of the 
tubes to be exposed to the oxidizing atmosphere was used. Two different weld types were 
investigated: electron-beam welding (EBW) and tungsten inert gas (TIG) welding. 
Additionally, the effect of the number of welds on the oxidation behavior was investigated, 
and samples that had two longitudinal EBWs were also oxidized. These samples are 
denoted (2-EBW). After isothermal oxidation, the oxide thickness of the tube samples was 
measured after oxidation at 700 °C and the average thicknesses at the weld, chamfer, and 
bulk (non-welded or plastically deformed) regions were compared. 
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Figure 4.1: Specimen geometries investigated with isothermal oxidation: A) plate 
samples and B) welded and chamfered tubes representative of TREAT’s cladding. 
4.3.2 Transient Oxidation 
Transient oxidation experiments were performed on EBW tubes using either a 
benchtop muffle furnace or an induction furnace. The muffle furnace experiments 
consisted of fifteen normal operation transients up to 600 °C, followed by a DBA transient 
up to 820 °C. The experiments were conducted by first heating the furnace to the 
temperature of interest (either 600 °C or 820 °C) and allowing the furnace to equilibrate 
for approximately 45 minutes. The specimen along with a pure zirconium tube were 
inserted into the furnace through a port on the top. The pure zirconium tube had a 
thermocouple spot welded onto the surface to monitor the temperature during the 
experiment. Once the specimens reached the appropriate temperature, the furnace was 
cooled to either 500 °C or 450 °C before the specimens were removed and allowed to cool 
to room temperature. Images were taken of the specimens between each transient cycle. 
Oxidation using an induction furnace included two successive transients up to 
600 °C with a ramp rate of approximately 250 °C/s and a slow cooling rate of 4 °C/min down 
to 400 °C before the furnace was shut off and the specimen was rapidly cooled to room 
temperature using a prototypic TREAT cooling air flow of approximately 28 mph at the 
sample surface. Four thermocouples were spot welded to the inside of the tube, 90° apart, 
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to monitor temperature during the transient. Images were taken of the specimens between 
each transient. 
4.3.3 Raman and SKPFM Characterization 
Raman spectroscopy and scanning Kelvin probe force microscopy (SKPFM) were 
performed on Zry-3 and Zry-4 plate samples after isothermal oxidation in 700 °C air on 
specimens both before and after the breakaway transition. The composition of the 
secondary phase precipitates as well as the monoclinic and tetragonal phases and internal 
stresses present at the metal/oxide interface were characterized. Raman spectroscopy was 
done using a Horiba LabRAM HR Evolution with a monochromatic 532 nm laser. 
Monoclinic (M) and tetragonal (T) phases were identified at the metal/oxide interface and 
the volume fraction of tetragonal phase was mapped according to Equation 1 which is the 
fraction of the intensities of the T1 (262-287 cm-1) peak versus adjacent M3 (220-224 cm-1), 
and M4 (305-315 cm-1) Raman peaks [33]. Additionally, induced stresses at the metal/oxide 
interface were qualitatively related to shifts in the 381 cm-1 M7 peak. It has been shown 
that a linear relationship between peak shift and stress exists for corroded zirconium alloys, 
where a negative shift implies compressive stress while a positive shift corresponds to 
tensile stress [4,6]. 
 
  %𝑇𝑇𝑍𝑍𝑍𝑍𝑂𝑂2 = 𝐼𝐼(𝑇𝑇1)𝐼𝐼(𝑀𝑀3)+𝐼𝐼(𝑇𝑇1)+𝐼𝐼(𝑀𝑀4) ∗ 100%       (1) 
 
  SKPFM was used to produce Volta potential difference (VPD) maps of the 
materials, which can be related to the work function of a material to identify the 
composition of nanoscale-sized features. SKPFM has been used in the corrosion 
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community to characterize probable corrosion initiation sites; however, it has yet to be used 
to characterize zirconium alloys. Scanning electron microscopy (SEM) and energy-
dispersive x-ray spectroscopy (EDS) were used to confirm the composition data obtained 
from SKPFM. The SKPFM maps were acquired using a Bruker Dimension Icon AFM in 
an argon atmosphere. A dual-pass method called frequency modulation PeakForce-Kelvin 
probe force microscopy (FM PF-KPFM) was used with PFQNE-AL probes (5 nm radius 
of curvature). The specific sample preparation procedures done prior to Raman and 
SKPFM have been previously described in another publication [34]. 
4.4 Results 
4.4.1 Isothermal Oxidation 
4.4.1.1 Effect of Nitrogen (Plate Samples) 
Mass gain data (normalized to the initial surface area) measured during isothermal 
oxidation of Zry-3, Zry-4, and Zr-1Nb plate samples at 800 °C in either air or oxygen are 
shown in Figure 4.2. The corresponding macroscopic images of the specimens after 
oxidation are shown in Figure 4.3. It is clear from the two figures that all three alloys 
experience accelerated oxidation in the presence of nitrogen (air) compared to oxygen. 
From Figure 4.2, specimens oxidized in air experience the breakaway transition sooner 
than those oxidized in oxygen, resulting in more overall degradation. 
This is also seen in Figure 4.3. The samples oxidized in air clearly have a thicker 
and more cracked oxide than those oxidized in oxygen. In the case of Zr-1Nb, the metal is 
almost completely corroded after air oxidation. At the oxidation temperatures where 
breakaway does not occur or is very minimal (400 and 600 °C), the effect of nitrogen on 
the oxidation behavior of the alloys is negligible. At 700 °C, where breakaway occurs but 
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is not as rapid as it is at 800 °C, breakaway also occurs slightly sooner in air than in oxygen. 
This effect is more apparent for the Fe and Sn containing alloys (Zry-3 and Zry-4) than for 
the Zr-1Nb alloy. At all temperatures and in both air and oxygen, Zry-4 had the fastest 
oxidation kinetics and exhibited breakaway the earliest of the three alloys, while Zr-1Nb 
resisted breakaway oxidation the longest. 
 
Figure 4.2: Normalized mass gain during isothermal oxidation of Zry-3, Zry-4, and 
Zr-1Nb plate samples at 800 °C in air (solid lines and closed symbols) or oxygen 
(dashed lines and open symbols). 
 
Figure 4.3: Macroscopic images of Zry-3, Zry-4, and Zr-1Nb plate samples after 
20-hour isothermal oxidation at 800 °C in air or oxygen. 
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4.4.1.2. Effect of Welding, Plastic Deformation, and Humidity (Tube Samples) 
The mass gain normalized to initial surface area of the Zry-3, Zry-4, and Zr-1Nb 
welded tube specimens during isothermal oxidation at 800 °C in dry and humid air is shown 
in Figure 4.4. It is seen that the effect of weld type (EBW vs TIG) and number of welds 
(EBW vs 2-EBW) on the oxidation behavior of the alloys is more apparent in Zr-1Nb than 
Zry-3 and Zry-4. The Zr-1Nb EBW tubes exhibit slower oxidation kinetics than TIG and 
2-EBW tubes, while all weld types had relatively similar oxidation kinetics in Zry-3 and 
Zry-4. A similar trend is seen at lower isothermal oxidation temperatures; however, it is 
most pronounced at 800 and 820 °C. As expected from oxidation of the plate samples, 
Zr-1Nb has the slowest oxidation kinetics and resists breakaway the longest, while the 
opposite is true for Zry-4. Additionally, the Zr-1Nb EBW tubes oxidized in humid air at 
temperatures 600 °C and above have slower oxidation kinetics than the EBW tubes 
oxidized in dry air. The Zry-3 and Zry-4 EBW tubes oxidized in humid air had similar 
oxidation kinetics to those oxidized in dry air, and no trend was noticeable. From Figure 
4.5, which shows images of the samples after isothermal oxidation at 800 °C, it is clear that 
the Zr-1Nb EBW tube oxidized in humid air experienced less degradation compared to the 
other tubes oxidized in dry air. The dark, protective oxide is still visible between the 
network-like structure where the white accelerated oxidation occurred. It should be noted 
that the specimens in Figure 4.5 were oxidized for different periods of time to minimize 
spallation in the STA. 
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Figure 4.4: Normalized mass gain during isothermal oxidation of Zry-3, Zry-4, and 
Zr-1Nb EBW and TIG welded tubes in dry or humid air. 
The effect of chamfering and welding on the oxidation behavior of the alloys can 
also be seen in Figure 4.5. In Zry-3, the oxidation behavior appears to be uniform across 
the sample, except for the weld region, where the oxide is slightly lighter in color. In the 
Zry-3 EBW tube oxidized in humid air, some of the dark pre-breakaway oxide can be seen 
in the weld region. The Zry-4 tubes clearly experienced accelerated oxidation at the 
chamfered regions, resulting in the specimens separating at those regions. Zr-1Nb appears 
to have a thicker oxide at the weld but is not affected by chamfering. The Zr-1Nb EBW 
tubes oxidized in dry air failed at the weld regions, while the TIG welded tube and EBW 
tube oxidized in humid air did not fail at the weld, however they clearly have a thicker 
oxide in that region. 
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Figure 4.5: Macroscopic images of Zry-3, Zry-4, and Zr-1Nb welded tube 
specimens after isothermal oxidation at 800 °C in dry and humid air. The specimens 
were oxidized for different lengths of time to minimize spallation of the material 
inside the STA. 
4.4.2 Transient Oxidation 
Images of EBW tubes after transient oxidation in the induction furnace and muffle 
furnace are shown in Figure 4.6. The images shown are Zry-3, Zry-4, and Zr-1Nb tubes 
after two 600 °C transients in the induction furnace, after fifteen 600 °C transients in the 
muffle furnace, and after fifteen 600 °C transients followed by an 820 °C transient in the 
muffle furnace. The transient oxidation behavior is similar to the isothermal oxidation 
behavior. Zry-3 has a relatively uniform oxide growth. There is a slightly lighter-colored 
oxide present on the chamfered regions after fifteen 600 °C and one 820 °C transient that 
may correspond to a slightly thicker oxide. Zry-4 experienced accelerated oxidation at the 
chamfers which is obvious from the images after the 600 °C transients. Zr-1Nb maintained 
its protective oxide during all 600 °C transients. After the 820 °C transient the specimens 
exhibit the same network-like structure of accelerated oxidation that was seen after 
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isothermal oxidation, although the network produced from transient oxidation is much finer 
than that seen after isothermal conditions. Accelerated oxidation at the weld region of 
Zr-1Nb is also present. No excessive oxide cracking or degradation as a result of rapid 
heating was noticed in either the induction furnace or the muffle furnace experiments. 
 
Figure 4.6: Images of Zry-3, Zry-4, and Zr-1Nb EBW tubes after transient 
oxidation experiments. The images in the left column are specimens after two 
successive rapid 600 °C transients in the induction furnace. The middle column shows 
specimens after fifteen 600 °C transients in the muffle furnace. The right column 
represents specimens after fifteen 600 °C transients and one 820 °C transient. 
4.4.3 Raman and SKPFM Characterization 
The VPD map measured using SKPFM and corresponding EDS maps of oxidized 
Zry-3 after breakaway are shown in Figure 4.7. Clear correlations are seen (circled) 
between the potential differences identified in SKPFM and Fe precipitates in EDS. 
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Although this technique has been performed on both Zry-3 and Zry-4 before and after 
breakaway, only the Zry-3 post-breakaway data is shown here. 
The corresponding SEM images, % tetragonality map, and stress map at the metal/oxide 
interface for Zry-3 and Zry-4 before and after breakaway are shown in Figure 4.8. It is clear 
in both samples that a tetragonal layer is present at the metal/oxide interface. The thickness 
of this layer decreases from pre- to post-breakaway. Additionally, the interface after 
breakaway is under more compression than before breakaway, particularly in the case of 
Zry-4.
 
Figure 4.7: SKPFM mapping of oxidized Zry-3 after breakaway. Identified 
precipitates (Fe, Sn, and O) confirmed with EDS, where the intensity of the color in 
the map is proportional to the concentration of the element. 
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Figure 4.8: SEM image, % tetragonality map, and stress map at the metal/oxide 
interface of Zry-3 and Zry-4 oxidized at 700 °C in air to points before and after 
breakaway. 
4.5 Discussion 
4.5.1 Effect of Welding, Chamfering, and Alloying 
As briefly discussed in the introduction and shown in Figure 4.2 and Figure 4.3, 
oxidation in a mixed nitrogen/oxygen atmosphere such as air leads to enhanced degradation 
of zirconium alloys. The mechanism by which this enhanced degradation occurs has been 
previously studied [22-24]. A ZrN phase has been found to form at the metal/oxide 
interface during oxidation. With further oxidation time, the ZrN oxidizes to form ZrO2 via 
a rapid exothermic reaction that has an associated volume expansion of approximately 
49%. Thus, the re-oxidation of ZrN at the interface causes cracking and porosity in the 
oxide which creates a direct path for oxygen anions to diffuse to the base metal. This 
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discussion is in agreement with what is seen in Figure 4.2 and Figure 4.3, as the breakaway 
transition occurs earlier and the oxide layer is more cracked and degraded after oxidation 
in air compared to oxygen. 
It was shown that Zry-3 is relatively unaffected by chamfering and welding, Zry-4 
experiences accelerated oxidation at chamfers and welds, and Zr-1Nb oxidizes more at the 
weld. The effect of chamfering and welding on the oxidation behavior of Zry-3, Zry-4, and 
Zr-1Nb was further characterized by measuring the average oxide thickness of the separate 
regions (chamfer, weld, and bulk) of tubes after 20-hour isothermal oxidation at 700 °C. 
The average thickness and standard deviation of the measurements are shown in Table 4.2. 
To obtain these values, oxidized samples were first polished from one end until a clear 
metal/oxide interface was clear (≈ 2 mm). The entire cross-section was then imaged using 
an optical microscope and the oxide thicknesses were measured every 20 μm using an 
image processing software. From these measurements, it is confirmed what is seen visually 
in Figure 4.5: the oxide thickness of Zry-3 is relatively uniform in all regions (within 
10 μm), whereas the oxide at the chamfer and weld in Zry-4 is approximately 60 μm 
(≈ 50%) thicker than the bulk region. However, the variation in oxide thickness between 
the weld and chamfer regions is statistically insignificant. Zr-1Nb has the same oxide 
thickness at the bulk and chamfer regions and a thicker oxide at the weld. 
Furthermore, the TIG weld region in Zry-3 and Zry-4 has a thicker oxide than 
EBW. The Zr-1Nb EBW tube has the thickest oxide on all regions compared to the other 
specimens. This contradicts what is seen in the mass gain data, however the difference in 
oxide thickness is only about 10 μm and is within the measurement error. Regarding the 
oxidizing atmosphere, Zry-3 and Zry-4 are relatively unaffected by the presence of nitrogen 
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and water. Zr-1Nb, however, grows an oxide that is double the thickness on the bulk and 
chamfer regions in dry air compared to humid air. The oxide thickness on the weld region 
is still comparatively the same as in dry air. 
Table 4.2: Average oxide thickness and standard deviation of sections of the 
welded tubes oxidized at 700 °C for 20 hours in dry or humid air. 
700 °C, 20 hours Zry-3 
(μm) 
Zry-4 
(μm) 
Zr-1Nb 
(μm) 
EBW 
Bulk 80 ± 11 140 ± 15 70 ± 14 
Chamfer 100 ± 11 200 ± 21 70 ± 10 
Weld 90 ± 12 200 ± 20 110 ± 12 
TIG 
Bulk 90 ± 11 120 ± 13 60 ± 11 
Chamfer 100 ± 13 180 ± 20 50 ± 9 
Weld 120 ± 12 220 ± 30 100 ± 12 
2-EBW 
Bulk 80 ± 9 120 ± 10 60 ± 8 
Chamfer 90 ± 8 180 ± 17 60 ± 10 
Weld 80 ± 12 180 ± 21 70 ± 22 
Humid 
(EBW) 
Bulk 80 ± 11 130 ± 11 30 ± 13 
Chamfer 80 ± 9 190 ± 15 30 ± 10 
Weld 90 ± 6 190 ± 22 90 ± 7 
 
4.5.2 Effect of Oxide Phase and Stresses at Interface 
As noted previously and seen in Figure 4.8, a tetragonal-rich layer is seen at the 
metal/oxide interface of Zry-3 and Zry-4 both before and after breakaway, as expected 
[35]. The thickness of the tetragonal layer decreases from pre- to post-breakaway, 
indicating that the tetragonal phase is being transformed to monoclinic as the compressive 
stress in the oxide relax with further oxidation [35]. These results are consistent with the 
oxidation model proposed by Wei et al., which states that higher Sn concentration (as in 
Zry-4) results in the stress stabilization of the tetragonal phase [9]. The tetragonal phase is 
also stabilized below a critical grain size, which is the mechanism for stabilization when 
the Sn concentration is reduced (as in Zry-3). As oxidation proceeds and the stress at the 
metal/oxide interface is reduced, the stress-stabilized tetragonal grains undergo a 
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martensitic transformation to monoclinic [13]. This rapid transformation causes damage in 
the oxide, and can reduce the alloy’s resistance to breakaway [9]. This theory also 
corresponds to what is seen in the stress maps associated with post-breakaway Zry-3 and 
Zry-4 (Figure 4.8). While similar amounts of tetragonal phase are present at the interface 
of both alloys after breakaway, the tetragonal region in Zry-4 is under more compression 
than Zry-3. This indicates that the tetragonal phase in Zry-3 is also stabilized due to grain 
size, making it more resistant to the influence of the tetragonal to monoclinic phase 
transformation on breakaway than Zry-4. 
The effect of secondary phase precipitates (SPPs) in the metal and oxide of 
zirconium alloys on the oxidation behavior of zirconium alloys has been characterized 
[7,8,36-39]. It has been reported that the SPPs can be categorized into two groups: those 
that oxidize at the same time as the matrix, and those that oxidize later, after being 
surrounded by the oxide. Those that exhibit delayed oxidation, such as Cr and Nb, can 
cause cracks in the oxide due to their increased Pilling-Bedworth (PB) ratio compared to 
ZrO2 (PB ratios; ZrO2: 1.51, Cr2O3: 2.00, NbO: 1.37, NbO2: 1.92, Nb2O5: 2.67) [7]. 
Additionally, Fe precipitates have been shown to act as nucleation sites for nodular 
corrosion on the surface of the metal, which leads to accelerated corrosion [8,36]. It is clear 
from Figure 4.7 that the feasibility of SKPFM as a viable characterization technique for 
identifying SPPs in the metal and oxide of zirconium alloys has been demonstrated. Further 
characterization with SKPFM will aid in the discussion of the influence of SPP 
composition and location on the oxidation behavior of zirconium alloys. The ability to 
detect nitride phases with SKPFM has been demonstrated on stainless steels [40-42]. The 
use of SKPFM to characterize the nitrides present in zirconium alloys after oxidation in air 
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could help further explain the accelerated oxidation kinetics exhibited in the presence of 
nitrogen containing atmospheres compared to oxygen or water. 
4.6 Conclusion 
The oxidation behavior of three zirconium alloys: Zry-3, Zry-4, and Zr-1Nb was 
investigated in oxygen, dry air, and humid air. The effect of nitrogen on the oxidation 
behavior of these alloys was characterized as well as the effect of chamfering and welding 
via TIG or EBW. Additionally, the effect of the number of welds on the oxidation behavior 
was considered. The effect of rapid (transient) heating on the oxidation behavior was also 
investigated. The oxide phases and stresses at the metal/oxide interface of Zry-3 and Zry-4 
before and after breakaway were characterized with Raman spectroscopy, while the SPPs 
at the interface were characterized by SKPFM and EDS. The following conclusions have 
been made: 
(1) Effects of atmosphere and alloying: Zry-3, Zry-4, and Zr-1Nb experience 
breakaway sooner in air than in oxygen, resulting in increased degradation in air. 
This has been reported to be due to the formation and re-oxidation of ZrN at the 
metal/oxide interface [22-24]. In all conditions, Zry-4 was the least resistant to 
breakaway and had the fastest oxidation kinetics. Zr-1Nb was the most resistant to 
breakaway and oxidized the least. 
(2) Effects of chamfering and welding: Zry-3 is relatively unaffected by 
chamfering and welding. Zry-4 experiences accelerated degradation at chamfers 
and welds that can induce failure in these regions. Zr-1Nb had accelerated oxidation 
at the weld region, particularly in the TIG welded sample.  
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(3) Effects of rapid transient: The transient oxidation behavior was similar to 
what was seen during isothermal oxidation, and no excessive cracking or 
degradation of the oxide was found. 
(4) Effect of oxide phase and stresses at the interface: Raman spectroscopy 
identified a layer of tetragonal oxide phase present at the metal/oxide interface of 
both Zry-3 and Zry-4 before and after breakaway. This layer decreased in thickness 
between pre- and post-breakaway, indicating the transformation to monoclinic with 
increased oxidation. The improved breakaway resistance of Zry-3 over Zry-4 is 
likely due to the grain size-stabilization rather than stress-stabilization of the 
tetragonal phase as proposed by Wei et al. [9]. This is consistent with the increased 
compressive stresses seen at the Zry-4 interface after breakaway compared to 
Zry-3. 
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CHAPTER FIVE: CONCLUSIONS 
The work presented here investigated the oxidation behavior of zirconium alloy 
cladding material in conditions that the core of the TREAT reactor would experience 
during transient testing and DBA scenarios. Along with contributing unique studies to the 
literature base on the oxidation behavior of cladding materials, the goal of this work was 
to identify a zirconium alloy suited for fuel cladding in the extreme conditions produced 
by the TREAT facility (air-cooled, rapid transients, operating temperature up to 600 °C). 
The oxidation behavior of zirconium alloys is not well studied in TREAT’s conditions and 
no direct comparison of the alloys of interest are presented in literature. The work presented 
in the previous chapters provides a direct comparison of the oxidation behavior of 
candidate zirconium alloy cladding materials. Chapter Two investigated the effects of air 
on the oxidation behavior of pure Zr, Zry-3, Zry-4, Zr-1Nb, and Zr-2.5Nb. It was found 
that the Sn and Fe containing alloys (Zry-3, and Zry-4) were more affected by the presence 
of nitrogen in the oxidizing atmosphere than the Nb alloys and had faster oxidation kinetics 
in air than in oxygen. Zr-1Nb and Zry-3 were the most resistant to breakaway oxidation 
(transition from parabolic to linear kinetics), while Zry-4 and Zr-2.5Nb experienced 
breakaway quickly, resulting in faster degradation. 
Chapter Three focused on the effects of TREAT’s unique cladding geometry, 
humidity, and the effect of rapid heating on the oxidation behavior of Zry-3, Zry-4, and 
Zr-1Nb. Chamfered and welded (TIG and EBW) tubes were oxidized in isothermal 
conditions in dry and humid air. EBW tubes were also oxidized in air under transient 
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heating conditions. Zry-4 was the most effected by chamfering and welding, exhibiting 
accelerated oxidation in those regions. Zry-3 was the least affected by these conditions and 
had similar oxide thickness in the weld, chamfer, and bulk of the tube after oxidation at 
700 °C. At higher temperatures, however, it becomes apparent that accelerated oxidation 
occurs at the chamfers and welds. Zr-1Nb had a thicker oxide at the weld than the rest of 
the tube. Again, Zry-4 was found to be the least resistant to breakaway oxidation while 
Zr-1Nb was the most resistant. Of the two weld types, the EBW Zr-1Nb tube was found to 
exhibit the slowest oxidation kinetics. 
Chapter Four covers the effect of nitrogen, chamfering, welding, and rapid 
transients on the oxidation behavior of Zry-3, Zry-4, and Zr-1Nb, and investigates the 
effect of oxide phase and stresses at the metal/oxide interface. Accordingly, it is 
summarized that Zr-1Nb experiences the slowest oxidation kinetics and is the least effected 
by the presence of nitrogen in the oxidizing atmosphere, and the EBW tube resists 
breakaway oxidation the longest. Additionally, Raman spectroscopy and SKPFM 
identified that a layer of tetragonal-rich oxide exists at the metal/oxide interface of Zry-3 
and Zry-4 both before and after breakaway oxidation. When compared to literature, it is 
likely that the resistance to breakaway of Zry-3 over Zry-4 is likely due to the increased 
transformation from tetragonal to monoclinic zirconium oxide in Zry-4 during oxidation. 
The transformation has been shown to be martensitic in nature and result in porosity and 
cracks in the oxide, which causes increased degradation. 
From this work, it is clear that the oxidation behavior of zirconium alloys is 
dependent on the oxidizing conditions and material processing. This work has expanded 
the knowledge about the behavior zirconium alloy nuclear fuel cladding material during 
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transient or failure conditions, which is necessary to further the development of accident 
tolerant cladding. With these studies, it was found that Zr-1Nb exhibited the most favorable 
oxidation behavior in simulated TREAT conditions. The experiments realized with the 
TREAT facility will be instrumental in designing and testing accident tolerant fuels and 
make harnessing nuclear energy safer and more efficient.
 
96 
 
 
APPENDIX 
 
Determination of Zirconium Oxide Chemistry Through Complementary 
Characterization Techniques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
97 
 
 
Determination of Zirconium Oxide Chemistry Through Complementary 
Characterization Techniques 
 
Submitted for publication in the conference proceedings of Top Fuel 2019 
 
Reference:  
C.M. Efaw, M. Reynolds, J.L. Vandegrift, K. Smith, Y. Wu, B.J. Jaques, H. Hu, C. Xiong, 
M.F. Hurley, “Determination of Zirconium Oxide Chemistry Through Complementary 
Characterization Techniques.” Submitted to Top Fuel. (2019). 
 
A.1 Abstract 
Nuclear energy has been increasingly recognized as an effective and low carbon-
emission energy source. Though low in probability, nuclear reactors are susceptible to 
adverse effects that can lead to potentially severe consequences. To ensure safety and 
improved monitoring of reactors, there have been increasing interests in developing sensors 
to monitor key parameters relating to the status within a reactor. In order to improve sensor 
accuracy, high-resolution characterization of cladding materials can be utilized to correlate 
with sensor output. A common issue with zirconium cladding is the so-called “breakaway 
phenomenon”, a critical factor seen as the transition from an initially passive zirconia to an 
active material. Existing research presents many factors that contribute to the breakaway 
mechanism, ultimately resulting in difficulty to predict its activation and propagation. As 
part of the effort to develop sensors, an improved understanding of pre- and post-
breakaway zirconium alloys (Zr, Zr-2.65Nb, Zry-3, and Zry-4) is accomplished with 
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Raman spectroscopy, scanning Kelvin probe force microscopy, and atom probe 
tomography. 
A.2 Introduction 
Within a nuclear core, uranium-based fuels release multiple high energy neutrons 
by fission and cause a chain reaction, generating useable energy for our society’s ever-
increasing power demands. To allow a fission chain reaction to occur unperturbed and 
generate energy efficiently, a cladding material encapsulates the fuel, preventing highly 
radioactive fission products from escaping into the surrounding coolant. Zirconium is a 
viable material choice for cladding due to its low neutron absorption cross-section, high 
mechanical strength, and strong corrosion resistance while in an extreme environment [1]. 
Alloying of zirconium has been shown to increase cladding performance by improving 
mechanical properties and corrosion resistance in high-temperature water [2-6]. 
It has been found that the general high-temperature oxidation mechanisms for 
zirconium cladding are similar regardless of oxidizing media (oxygen, air, water, or steam) 
[7]. Initial formation of the oxide film provides a passivating film, thus slowing the rate of 
oxidation to follow empirical power-law with parabolic to sub-parabolic characteristics 
(exponent, n ≤ 0.5). Here, the kinetics are limited by diffusion of corrosion species to the 
metal/oxide interface [8]. However, it has been found that cracks develop within the oxide, 
providing pathways for species to reach the base metal at an increased rate. This is observed 
as a transition in mass growth, progressing to an increased oxidation rate [8-11]. This is 
commonly termed as the “breakaway phenomenon” [9]. Some alloying elements support 
cyclic transition between passivation and oxidation, while others fail to recover from the 
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first breakaway. Regardless, continuous oxidation of the metal eventually leads to failure 
of the cladding material [9,10]. 
Though this general trend is seen regardless of coolant environment, there are 
additional effects that contribute to cladding failure at unpredictable points in time. 
Addition of hydrogen species in the coolant has been shown to cause cladding 
embrittlement by dendrite-like precipitation in the metal [2,12,13]. Inclusion of nitrogen 
species has been found to advance the breakaway phenomenon by creating defects and 
lattice mismatch in the oxide, thus permitting increased oxygen diffusion to the base metal 
[14-21]. Additional effects such as high compressive stresses [10,22-27], zirconia phase 
content [16,17,20,28-30], sub-stoichiometry of the oxide [7,15-17], operating temperature 
[31-34], and alloying dopants [2,8,12,24,25,35] are all believed to play a role in cladding 
failure. Additional contributions from the fuel/cladding interface, such as fuel swelling 
[36], fuel fracture [37], and stress corrosion cracking lead to unpredictable cladding 
lifetime, as well as decreased energy efficiency. The complexity of differing effects 
presents a difficult problem to predict cladding failure, and thus has been a major focus of 
nuclear research. 
Presently, chemical evolution over the lifetime of the fuel and cladding inside a 
nuclear reactor can only be inferred using post-irradiation examination (PIE) [38]. Due to 
the adverse environment created from harsh ambient conditions and irradiation, the 
corrosion mechanisms of cladding are difficult to observe in-core or effectively mimic 
through experimentation. This limitation presents a significant obstacle for achieving a 
comprehensive and unified understanding of cladding degradation mechanisms. Progress 
is being made to establish a new sensing technique by monitoring cladding and fuels in-
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core with electrochemical impedance spectroscopy (EIS). Predicted EIS modelling of the 
corrosion mechanisms can be confirmed with the use of high-resolution characterization 
techniques, thus providing feasibility of new sensor technology. This work utilizes Raman 
spectroscopy, scanning Kelvin probe force microscopy (SKPFM), and atom probe 
tomography (APT) to provide high-resolution characterization of zirconium metal/oxide 
interfaces. With improved understanding of these techniques, their usability can expand to 
support EIS sensor technology for in-core operation. 
A.3 Experimental Methods 
Zirconium (Goodfellow) and its alloys Zr-2.65Nb (ATI Metals), Zry-3, and Zry-4 
(Idaho National Laboratory) were chosen for the current work (Table A.1) Samples were 
isothermally oxidized in a NETZSCH STA-449 F3 Jupiter equipped with 
thermogravimetric analysis (TGA). Prior to oxidation, samples were prepared by electronic 
discharge machining (EDM). This was followed by grinding of samples up to 1200 grit 
SiC and then sonication in 1:1:1 acetone:ethanol:DI solution. 
Table A.1: Zirconium alloy compositions. 
 Zr 
(ppm) 
Zr-2.65Nb 
(wt. %) 
Zry-3 
(wt. %) 
Zry-4 
(wt. %) 
Sn - - 0.25 1.4 
Fe 200 0.061 0.25 0.2 
Cr 200 - - 0.1 
Nb - 2.62 - - 
C 250 - - - 
Hf 2500 - - - 
O 1000 0.106 - 0.12 
N 100 - - - 
H 10 - - - 
 
Isothermal oxidation of the samples was done at 700 °C in 80% N2, 20% O2 
environment. Samples were heated and cooled between RT and 700 °C at a 20 °C/min ramp 
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rate. Samples were held in an alumina crucible to allow for oxidation of maximum surface 
area. 
After oxidation, samples were sectioned and mounted in epoxy. They were then 
ground with SiC up to 1200 grit, followed by polishing with 1 and 0.05 μm alumina 
slurries. Following polishing, samples were cleaned with Alconox solution on a soft pad, 
rinsed with ultrapure water, and then air dried. SEM with a Hitachi S-3400N-II (Oxford 
Instruments Energy+) at 10 keV and 10 mm working distance was performed on each alloy 
to determine approximate oxide thicknesses. 
Raman spectroscopy was accomplished using a Horiba LabRAM HR Evolution 
(Horiba Scientific) with a monochromatic 532 nm laser. Spectral range of 150-700 cm-1 
was used to examine peaks of interest. Spectra were processed via LabSpec6 with a ‘normal 
variate’ normalization, a baseline correction to remove background, and DeNoise 
smoothing and filtering to enhance spectra. Peak analysis was accomplished with 
Gaussian-Lorentzian fitting. 
SKPFM mapping was done with a Bruker Dimension Icon AFM (Bruker) in an 
argon filled glovebox. SKPFM is an atomic force microscope (AFM)-variant used to detect 
the Volta potential difference (VPD) at the nano-scale. PFQNE-AL probes were used to 
acquire results, operating under a dual-pass method called FM PF-KPFM. The first pass of 
this method employs PeakForce (PF, Bruker) tapping of the probe at 2 kHz frequency to 
acquire topographical variations of the surface. Upon completion of a trace and retrace line 
of topography, the probe lifts off the surface and traces the line of topography at a user-
defined lift height of 100 nm, creating a nano-scale scenario synonymous to the traditional 
Kelvin probe. During this second pass, VPD between probe and surface is measured via 
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probe frequency modulation (FM). This process is repeated line-by-line until a complete 
map of both topography and relative Volta potential are acquired. Prior to SKPFM mapping 
of different zirconium alloys, probes were calibrated with a Bruker PFKPFM-SMPL, 
consisting of n-doped silicon substrate with patterned islands of aluminum surrounded by 
a gold interconnect. This sample was utilized to ensure relative consistency of probes by 
providing a step-wise VPD map from gold to silicon to aluminum. [39] Image processing 
and analysis were conducted using NanoScope Analysis V1.8 (Bruker). Topography maps 
underwent a flattening process to remove sample tilt. 
APT tips were produced with a dual beam FIB/SEM (FEI Quanta 3D FEG) and 
analyzed with a Local Electrode Atom Probe (LEAP) (CAMECA LEAP 4000X HR). Tips 
were collected from the metal/oxide interface, revealing atomistic make-up of the few 10s 
of surrounding nanometers. 
A.4 Results and Discussion 
A.4.1 Thermogravimetric Analysis 
TGA provided observable mass gain rate, and subsequently oxidation rate, for 
zirconium and its alloys. Pre- and post-breakaway samples were confirmed with TGA 
(Figure A.1). SEM provided relative thickness of the oxide grown on each sample, as 
described in Table A.2. 
Table A.2: Approximate oxide thickness of each sample, pre- and post-
breakaway, to the nearest 5 μm. 
 Oxide Thickness (μm) 
 Zr Zr-2.65Nb Zry-3 Zry-4 
Pre-break 20 25 10 5 
Post-break 100 50 35 30 
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Figure A.1: TGA results for each zirconium alloy, pre-breakaway designated with 
solid lines, post-breakaway with dotted lines. 
A.4.2 Raman Spectroscopy 
Raman provides qualitative to semi-quantitative information on the material 
composition seen in oxides. The Raman spectra of common zirconium-based polymorphs 
have been extensively covered [16,17,20,23-26,28,29,40-46]. Distinct peaks have been 
well established for both monoclinic and tetragonal zirconia [14,18,22,24,26,40,42-44]. In 
particular, Table A.3 describes specific peak positions used in this study. The wide ranges 
in the tetragonal peak position has been attributed to high compressive stresses observed 
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near the metal/oxide interface, at times even causing distinction between a “relaxed” 
tetragonal phase and an “interface” tetragonal phase [16,20,27]. 
Table A.3: Notable tetragonal (T) and monoclinic (M) zirconia Raman peak 
positions [16,20,25,27,29,44,46-48]. 
Attribution Peak Position (cm-1) 
M3 220-224 
T1 262-287 
M4 300-310 
M7 380-384 
 
There has been much discussion about the relationship between the presence of 
tetragonal zirconia and the stress state. Tetragonal zirconia is thermodynamically stable 
above 1205 °C [49], but can be stabilized at lower temperatures by high compressive stress 
near the metal/oxide interface [50]. Therefore, presently, regions of scale with high 
tetragonal concentration near the metal/oxide interface should coincide with high 
compressive stresses. The understanding of this correlation is important, as prior efforts 
have led to a belief that the formation of tetragonal phase relates to alloy passivity, porosity, 
and crack formation. 
Content of tetragonal phase (i.e., “percent tetragonality”) has been estimated as a 
volume fraction of tetragonal peak intensity versus monoclinic peaks (Equation 1). 
Different forms of Equation 1 have been used in literature to determine percent 
tetragonality [10,27,29,51,52]. The T1 peak is commonly seen as the most intense 
tetragonal peak, and thus the T1 peak versus its adjacent monoclinic peaks (M3 and M4) 
was adopted for calculating percent tetragonality in this work. 
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 %𝑇𝑇𝑍𝑍𝑍𝑍𝑂𝑂2 = 𝐼𝐼(𝑇𝑇1)𝐼𝐼(𝑀𝑀3)+𝐼𝐼(𝑇𝑇1)+𝐼𝐼(𝑀𝑀4) × 100%     (1) 
As for the stress-state, stress development of zirconia has been covered for more 
than 50 years [9,10,22-27,53]. In particular, Raman spectroscopy has been utilized to 
observe oxide scales both during heating of a sample [23-25], as well as with post-exposure 
examination of sectioned oxides. The stress presented from post-exposure Raman analysis 
is defined as a residual stress, which comprises of growth, thermal, and relaxation 
contributions to the stress state [22]. Residual stress is commonly observed by shifts from 
non-stressed Raman peak positions, where certain peaks are more reliable than others 
during calibration. Using Raman, residual stress has been calculated between hundreds of 
MPa to more than 5 GPa at the metal/oxide interface [22]. In one instance, Chong and 
Fitzpatrick discussed the feasibility of the M7 peak for residual stress calculation, warranted 
by a calibrated peak shift arising from uniaxial compression applied to laboratory-prepared 
monoclinic zirconia [10]. In general, a direct correlation between shift from expected peak 
position and residual stress has been shown, where a positive peak shift coordinates to 
tensile stress and a negative peak shift coordinates to compressive stress [10]. For this 
work, residual stress is qualitatively observed as a shift from expected M7 peak position at 
381 cm-1. 
Percent tetragonality and peak shift (as it relates to residual stress) were observed 
with Raman of pre- and post-breakaway oxides of zirconium and its alloys. Figure A.2 
presents these two parameters as a function of distance from the metal/oxide interface of a 
pre-breakaway Zr sample. The tetragonal-rich region near the metal/oxide interface is 
clearly seen. The T1 peak slowly transitions to greater wavenumbers as the distance from 
the metal/oxide interface increases, until finally it is not visible at the 6 μm spectra and 
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beyond. This corresponds to a rapid decrease in percent tetragonality as the distance from 
the interface increases. Likewise, a highly compressive stress, relating to a negative shift 
in the M7 peak position, is seen near the interface, with the bulk of the oxide expressing a 
peak shift within a cm-1 of the “non-stressed” expected position. Additionally, from this 
line scan the percent tetragonality and the relative residual stress were compared. The fit 
of the line scan data displays a general trend where an increase in tetragonality corresponds 
to an increasingly compressive residual stress, which is in agreement with previous works. 
However, statistically speaking this linear trend does not fit well to a data, as there is 
notable scatter. 
This concept of statistically comparing residual stress to percent tetragonality can 
be expanded from an individual line scan to a full Raman map. Figure A.3 presents this 
idea, observing both the percent tetragonality and M7 peak position over a 25 x 40 μm area. 
Tetragonal-rich zirconia can be seen in the few microns nearest the metal/oxide interface, 
with the bulk of the oxide showing majority monoclinic phase. The trend of M7 peak 
position as a function of percent tetragonality for a full map is similar to that of the line 
scan, where an increase in tetragonality is correlated to a decreasing M7 peak position, and 
thus greater compressive stress. Again, though this trend is in agreement with previous 
works, the data does not appear to fit well to a linear trend. This is especially noticeable 
when looking at the far right of the plot, where volume fraction of the zirconia is 
predominantly tetragonal. The distribution for highly tetragonal spectra is large, ranging 
nearly 20 cm-1 in peak position. 
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Figure A.2: (a) Optical image of pre-breakaway Zr sectioned sample. White lines 
separate (left) epoxy/oxide and (right) oxide/metal interfaces. Blue line displays 
collected Raman line scan. (b) Spectra from collected Raman line scan, with notable 
peak ranges presented. (c) Percent tetragonality and (d) position of the M7 peak as a 
function of distance from the metal/oxide interface. (e) Percent tetragonality as a 
function of the M7 peak position. 
 
Figure A.3: (a) Optical image of pre-breakaway Zr sectioned sample. White lines 
separate (left) epoxy/oxide and (right) oxide/metal interfaces. Orange rectangle 
displays collected Raman map area. (b) Percent tetragonality and (c) position of the 
M7 peak as a function of location. Grey represents metal, where Raman peaks are 
non-apparent. (d) Percent tetragonality as a function of the M7 peak position for the 
data collected in the Raman map. 
Similar effects were accomplished for each zirconium alloy, both pre- and post-
breakaway (Figure A.4). In general, the post-breakaway Zr, Zry-3, and Zry-4 show signs 
of the “relaxed” tetragonal zone in the bulk of the oxide. Kurpaska et al describe stability 
of this relaxed tetragonal phase as unrelated to high compressive stress tensor, and rather 
induced by sub-stoichiometry of the oxide, as it relates to porosity of the scale [20]. In 
other words, this is a stress-free grown tetragonal zirconia that forms within the bulk of the 
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monoclinic zirconia scale, developed by a lack of available oxygen to form monoclinic 
zirconia. 
All pre-breakaway samples did not display this relaxed tetragonal phase; 
tetragonal-rich zirconia was seen only in the few microns nearest the metal/oxide interface. 
The exception to this distinction is the pre-breakaway Zry-4. This Raman map displays 
high tetragonality on the epoxy side of the oxide, which are observed as “relaxed” 
tetragonal peaks with lower wavenumbers (e.g., less than 265 cm-1) than those peaks seen 
in the stress-stabilized tetragonal zirconia at the metal/oxide interface. 
As for percent tetragonality and compressive stress, all samples except for Zry-4 
pre-breakaway show a general correlation between the two measured parameters. As was 
stated before, there is a notable increase in scatter for the high percent tetragonality spectra. 
This could be contributed to the addition of relaxed tetragonal phase in the data. However, 
this increase in scatter is also seen in Raman maps where no relaxed tetragonal zirconia is 
seen. 
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Figure A.4: Raman mapping analysis for (top to bottom) post-breakaway Zr, pre- 
and post-breakaway Zr-2.65Nb, pre- and post-breakaway Zry-3, pre- and post-
breakaway Zry-4. 
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A.4.3 Scanning Kelvin Probe Force Microscopy 
SKPFM mapping provides nano-scale spatial resolution of relative Volta potentials 
seen at and around the metal/oxide interface for zirconium and its alloy. SKPFM has been 
used in the corrosion community to quantify relative nobility of different microstructural 
features for many materials. This technique has yet to be realized with regards to zirconium 
alloys used in nuclear cladding applications. Figure A.5 presents topography and SKPFM 
maps of pre- and post-breakaway samples. 
Segregation between oxide and metal is noted on both topography and potential 
maps. Interestingly, the measurable Volta potential of the oxide is less than the Volta 
potential of the metal in each image of pure Zr sample. This is contrary to expectation, as 
it would be assumed that a ceramic oxide would intrinsically have a greater work function 
(and thus greater relative Volta potential) than zirconium metal. This contradiction is 
furthered when observing the Zr-2.65Nb, Zry-3, and Zry-4 SKPFM maps. Here, it can be 
seen that the oxide consistently displays, as expected, a higher Volta potential than the 
metal. Also of note is after an initial peak in Volta for the oxide of post-breakaway Zry-4, 
there is a noticeable drop in the Volta potential. Additionally, micro features are seen in 
many of the maps, which display much higher potentials than the surroundings (Zr, Zry-3, 
and Zry-4). This represents a key benefit of SKPFM, which is commonly utilized to 
recognize phase separation in metal alloys. These secondary particles are likely caused by 
the inclusions of iron, tin, and/or chromium, which tend to phase separate and cause lattice 
mismatches in zirconium. 
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Another benefit of SKPFM is the utility of observing both metal and oxide, rather 
than solely oxide with Raman. With this addition of the metal, the transition from metal to 
oxide can be observed. 
Plausible future utility of SKPFM is the detection of hydrogen precipitation in the 
oxide and metal. Hydrogen-enriched zones have been detected with SKPFM on a variety 
of metals [54-65]. Therefore, SKFPM should be able to provide similar rapid, non-
destructive examination of hydrogen embrittlement within zirconium alloys. Establishing 
SKPFM as a high-resolution characterization technique can potentially improve the 
understanding of cladding degradation mechanisms. 
Co-localized areas of many samples were accomplished with SKPFM and Raman 
mapping. Co-localization of these two techniques provide the opportunity to compare 
crystallographic information via Raman to electronic properties via SKPFM. As SKPFM 
is relatively less destructive, as well as done in an inert environment and is highly sensitive 
to surface reactions, this technique was done prior to Raman mapping. Co-localization was 
accomplished on Zr, Zr-2.65Nb, pre-breakaway Zry-3, and post-breakaway Zry-4. 
For example, on post-breakaway Zr a similar co-localized feature can be seen near 
the metal oxide interface, presented as a high VPD particle from SKPFM (Figure A.5) and 
low tetragonality in an otherwise highly tetragonal area from Raman (Figure A.4). 
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Figure A.5: Topography (left) and Volta potential (right) maps for pre- and post-
breakaway Zr, Zr-2.65Nb, Zry-3, and Zry-4. Oxide/metal interfaces are noted in each 
map. 
A.4.4 Atom Probe Tomography 
APT tips at the metal/oxide interface were successfully acquired and analyzed for 
pre-breakaway Zr (Figure A.6) and post-breakaway Zr-2.65Nb (Figure A.7). On the pre-
breakaway Zr sample, there is evidence of Zr(O)ads region at the boundary between the 
metal and oxide, confirming other’s results [7,35,66] This is also in agreement with the 
general oxide formation model presented by Motta et al, where oxygen diffusion forms a 
metastable region at the interface [8]. On the post-breakaway Zr-2.65Nb sample, a differing 
composition is seen at the interface. It can be seen that the Zr(O)ads region is much thicker, 
as both top and bottom of the tip is made up of 52-54 at. % Zr. However, in the middle of 
these regions there are two different tiers showing closer to 1:1 Zr:O percentages. 
Additionally, the amount of niobium observed in this volume (ranging from 0.4-0.7 at. %) 
is much less than expected. It is also notable that there is a high and even distribution of 
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iron across the volume, which is contrary to the concentrated secondary particles observed 
in Zry-3 and Zry-4 alloys. 
 
Figure A.6: APT results from pre-breakaway Zr sample. (Left) Tip dimensions are 
75.9 x 74.6 x 223.8 nm3, with the arrow representing a 4 x 4 x 60 nm3 volume. (Right) 
1D concentration profile of zirconium and oxygen, with phases segregated. Fixed bin 
size of 0.5 nm was used. 
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Figure A.7: APT results from post-breakaway Zr-2.65Nb sample. (Top) Tip 
dimensions are 103.8 x 97.9 x 285.7 nm3, with the arrow representing a 5 x 5 x 150 
nm3 volume. (Bottom) 1D concentration profile of zirconium and oxygen across the 
volume, with average concentrations noted in each “tier”. Fixed bin size of 0.5 nm 
was used. 
A.5 Conclusions 
Observing specific features of Raman spectra can provide insight into the 
mechanisms at play during zirconium oxide growth. Post-examination Raman of sectioned 
oxides, with the use of quantitative formulas, provided mapping of percent tetragonality 
and relative residual stress for Zr, Zr-2.65Nb, Zry-3, and Zry-4 alloys at points before and 
after breakaway. A general trend of increasingly compressive stress as a function of 
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increased tetragonal zirconia volume was seen. However, the idea of linear correlation 
between crystal makeup and stress development is in question; there may perhaps be 
additional factors that support either of these factors, and how they drive the breakaway 
phenomenon. 
SKPFM was used for the first time to examine oxidized zirconium alloys. With 
SKPFM, distinguishing different phases was accomplished, both at the metal/oxide 
interface, as well as when observing secondary phase separation. This tool may be feasible 
to provide further insight into degradation of zirconium alloys, with applications in relative 
phase nobility, hydrogen detection, and other possible utilities yet to be discovered. 
APT was used to observe atomistic make-up of the region about the metal/oxide 
interface, presenting differences in Zr(O)ads region between pre- and post-breakaway 
samples. Post-breakaway Zr-2.65Nb showed “tiers” of differing elemental make-up within 
the Zr(O)ads region. 
These different characterization techniques are useful to improve understanding of 
oxidation mechanisms of zirconium cladding materials. In addition, they can be used to 
support development of sensors, particularly in confirming EIS modelling of cladding 
oxide growth. 
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